
A STUDY ON SENSOR SYSTEMS FOR 

INITIATING PARACHUTE DEPLOYMENT FOR 

A MARS ENTRY VEHICLE 

PREPARED FOR 
JET PROPULSION LABORATORY 

CALIFORNIA INSTITUTE OF TECHNOLOGY 

Ca-ficT d ~ s - 7 - f -  



8 

NVR-4062 

A STUDY ON SENSOR SYSTEMS FOR 

I N I T I A T I N G  PARACHUTE DEPLOYMENT FOR 

A MARS ENTRY VEHICLE 

Prepared f o r  

Jet  Propulsion Laboratory 
C a l i f o r n i a  I n s t i t u t e  of Technology 

Under Contract 951174 

Prepared by 

Fred E. Mickey 
i 

This work was performed for the Jet Propulsion Laboratory, t. 
California Institute of Technology, sponsored by the 
National Aeronautics and Space Administration under 
Contract NAS7-100. I 

k 

Approved by 

-4nalyt ical  Ergingering Group 

NORTHROP CORPORATION, VENWRA DIVISION 
1515 Rancho Conejo Boulevard 

Newbury Park, Ca l i fo rn ia  91320 

Issued  : 
June 1966 



FOREWORD 

T h i s  i s  the f i n a l  r e p o r t  p resent ing  
s tudy  performed during F i s c a l  Year 1966 
Newbury Park, Ca l i fo rn ia .  The s tudy  was 

the r e s u l t s  of a 
t Northrop Ventur 
D e r f  ormed f o r  the 

3 

Jet  Propuls ion Laboratory, C a l i f o r n i a  I n s i i t u t e  of Technology, 
under the a u t h o r i t y  of Contract No. 951174. M r .  Jay W. S t u a r t ,  
Jr., of the Jet  Propulsion Laboratory, served as the Technical 
Representa t ive .  

The work was performed under the gene ra l  d i r e c t i o n  of 
M r .  George F. Douglas, V i c e  P res iden t  and General Manager, and 
M r .  George C. Grogan, Jr., Vice P res iden t  and Manager, Technical 
Department. A t  Northrop Ventura, the s tudy w a s  i d e n t i f i e d  as 
p r o j e c t  6037. 

The t e c h n i c a l  e f f o r t  was c a r r i e d  out  w i t h  d i r e c t i o n  from 
the  Analysis Group under Mr. Charles H. Green. Program d i -  
r e c t i o n  was provided by Mr. Robert N. Worth, Program Manager. 
The e l e c t r i c a l  des ign  con t r ibu t ions  were made by Mr. Graham 
Judge and IW. Franc i s  A. Morse. The r e l i a b i l i t y  a n a l y s i s  con- 
t r i b u t i o n s  were made by Mr. Em W. Pankratz.  The performance 
analyses were c a r r i e d  ou t  by Fred Mickey who w a s  a l s o  the ch ie f  
c o n t r i b u t o r  t o  t h i s  r epor t .  

. 
PRECEDING PAGE BLANK NOT FILMED. iii 



ABSTRACT 

The r e s u l t s  of a study, encompassing the a n a l y s i s  of 
s enso r  systems s u i t a b l e  f o r  i n i t i a t i n g  parachute  deployment 
on a Mars e n t r y  veh ic l e ,  a r e  presented.  It i s  shown that a 
v a r i e t y  of s enso r  concepts are feasible i n  var ious  degrees. 
Severa l  of these concepts are analyzed, prepara tory  t o  s e l e c -  
t i n g  two f o r  u se  as p a r a l l e l  subsystems i n  a "Fina l  System." 
The performance of the Fina l  System i s  analyzed i n  terms of' 
t e n  independent v a r i a b l e s ,  and it  i s  found that  the l a r g e s t  
a l t i t u d e - u n c e r t a i n t y  component i s  due t o  the c u r r e n t  l a c k  
of good d e f i n i t i o n  f o r  the Martian atmosphere. An e l e c t r i c a l  
des ign  f o r  the F ina l  System i s  presented,  and it i s  shown 
conclus ive ly  that today ' s  technology and hardware can provide 
a sensor  sys tem w i t h  s u f f i c i e n t  f l e x i b i l i t y  t o  a s s u r e  a c c u r a t e  
sens ing  over the wide range of p o s s i b l e  Martian atmospheres, 
e n t r y  condi t ions  and environmental cond i t ions  c u r r e n t l y  postu- 
la ted f o r  the mission. A r e l i a b i l i t y  a n a l y s i s ,  p resent ing  
g u i d e l i n e s  f o r  a d d i t i o n a l  r e l i a b i l i t y  improvement, i s  a l s o  
included as part of the study. 
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1.0 INTRODUCTION 

a 

A Mars l a n d e r  vehic le  i s  being planned f o r  f l i g h t  
sometime during the early 1970's. Presen t  p lans  c a l l  f o r  
t h i s  v e h i c l e  t o  be d i r e c t e d  i n t o  a Mars e n t r y  t r a j e c t o r y  
either from a "fly-by spacec ra f t "  o r  from a n  "orb i te r -bus .  " 
I n  o r d e r  t o  achieve high payload c a p a b i l i t y  f o r  t h i s  l a n d e r  
( e n t r y )  vehic le ,  it i s  planned t o  employ, i n  succession,  
d i f f e r e n t  modes of d e c e l e r a t i o n  between the t i m e  i t  starts 
its e n t r y  t r a j e c t o r y  and the t i m e  i t  comes t o  res t  on the 
s u r f a c e  of the p l ane t .  These d i f f e r e n t  m o d e s  of d e c e l e r a t i o n  
w i l l  inc lude  most, i f  not a l l ,  of the  fol lowing t y p e s :  

Dece lera t ion  due t o  t h e  aerodynamic drag o f  
the e n t r y  vehic le  t o  slow i t  from the i n i t i a l  
hypersonic en t ry  speed t o  a supersonic  o r  
subsonic speed, 

1) 

2 )  Dece lera t ion  by  means of one o r  more parachutes  
t o  reduce the descent  speed t o  a low subsonic 
value,  
Dece lera t ion  w i t h  the a i d  of landing  r e t r o -  
rocke t s  t o  reduce the speed of the v e h i c l e  
t o  e s s e n t i a l l y  zero a t  a po in t  s e v e r a l  fee t  
above the surface,  and 

4 )  Dece lera t ion  a t  the t i m e  of impact with honey- 
comb and/or o ther  impact a t t e n u a t i o n  s t r u c t u r e  
on the bottom of the veh ic l e .  

3 )  

The s u b j e c t  of th i s  r epor t  is the senso r  sys tem tha t  i s  t o  
i n i t i a t e  the deployment of the parachute .  

1.1 THE SENSOR PROBLEM 

A t  the present  t i m e ,  the  Mars atmosphere i s  def ined 
only w i t h i n  rather broad l i m i t s  (l).* These l i m i t s  r e -  
p re sen t  an  u n c e r t a i n t y  range, and the i r  e f f e c t  on the f l i g h t  
p r o f i l e  and veh ic l e  design f o r  the first Mars l a n d e r s  i s  
profound. An example of t h i s  i s  the need f o r  a rather sophi-  
s t i c a t e d  sensor  system t o  determine when parachute  deployment 
should be i n i t i a t e d .  This is ,  i n  f a c t ,  very la rge ly  the 
reason  f o r  the s tudy  presented i n  t h i s  r e p o r t .  

* Numbers i n  parentheses refer t o  r e f e r e n c e s  

1 



. -  

A number of ideas have been presented i n  p r i o r  l i t e r -  
a t u r e  on how t o  measure va r ious  f l i g h t  and atmospheric con- 
d i t i o n s  
through 

4 

from onboard a n  e n t r y  v e h i c l e  while i t  i s  descending 
the Mart ian atmosphere. Some of t h e s e  a r e :  

The v e l o c i t y  and a l t i t u d e  can be obtained 
by i n t e g r a t i n g  data from accelerometers  
( 2 )  - ( 6 ) .  During the terminal po r t ion  o f  
t he  descent ,  such a scheme can be augmented 
by a more d i r e c t  measurement method employing 
the  r a t i o  of two veh ic l e  su r face  pressures .  

D e n s i t y  can be measured d i r e c t l y  by a back- 
s c a t t e r i n g  technique ( 7 )  o r  computed w i t h  
t he  a i d  of accelerometer  data ( 2 )  - ( 6 ) .  

During t h e  terminal  descent  phase, b o t h  
ambient and s t agna t ion  p res su res  and t emper -  
atures can be measured by senso r s  l oca t ed  
j u d i c i o u s l y - o n  t h e  su r face  of t h e  e n t r y  
vehic le .  

A l so  of i n t e r e s t  i n  regard t o  making measurements f r o m  
onboard a vehic le  while t r a v e l i n g  a t  supersonic  speed, a l -  
though not  concerned w i t h  Martian en t ry ,  i s  Reference 8. 

A t  least  two previous s t u d i e s  have d e a l t  w i t h  the c e n t r a l  
ques t ion  considered i n  t h i s  r e p o r t :  What is  the best  method, 
i n  a Mars e n t r y  v e h i c l e ,  t o  sense  the f l i g h t  cond i t ion  a t  
which parachute deployment should be i n i t i a t e d ?  Boobar and 
McElhoe (9) a n a l y t i c a l l y  der ived  the  fol lowing express ion  t o  
show how a simple accelerometer ,  a l i gned  wi th  t h e  l o n g i t u d i n a l  
a x i s  of a non- l i f t i ng  e n t r y  veh ic l e ,  could be used f o r  t h i s  
purpose : 

d e p  = -2e a 

“ m a X  
- 

The q u a n t i t i e s  a and V are f o r  a c c e l e r a t i o n  and v e l o c i t y  
r e spec t ive ly ;  the s u b s c r i p t s  dep,  max, and E s t and  f o r  
deployment i n i t i a t i o n ,  maximum and i n i t i a l  e n t r y  r e s p e c t i v e l y  . 
Foreknowledge of t h e  v e l o c i t y  r a t i o  (Vdep/VE) p e r m i t s  t h e  
r i g h t  hand s i d e  of t h i s  equat ion  t o  be evaluated p r i o r  t o  e n t r y .  
Thus, i t  i s  seen that  the deployment i n i t i a t i o n  cond i t ion  oc- 
c u r s  a t  the time the a c c e l e r a t i o n  i s  equal  t o  a predetermined 

V 

2 



f r a c t i o n  of the maximum acce le ra t ion .  Furthermore, it 
may be noted tha t  it is not requi red  t o  know the atmos- 
phere 's  s c a l e  he ight ,  t h e  e n t r y  f l i g h t  path angl*e o r  
the b a l l i s t i c  c o e f f i c i e n t  of the e n t r y  v e h i c l e  i n  order  
t o  use  the concept. 

A similar idea w a s  proposed by Worth (10).  H e  found 
that reasonable  accuracy could be obtained by using a re -  
l a t i o n s h i p  of t he  following form 

Here, a '  i s  "sensed" acce le ra t ion*  and C1 and C are  
predetermined cons t an t s  a s soc ia t ed  w i t h  the e n t r y  vePocity 
and the Mach number a t  which i t  i s  d e s i r e d  t o  i n i t i a t e  para- 
chute  deployment. 

1 . 2  THE PROGRAM PLAN 

The var ious  a c t i v i t i e s  that c o n s t i t u t e d  t h i s  study 
are summarized i n  F igure  1. T h i s  f i g u r e  shows a n  a c t i v i t y  
network. Blocks w i t h  s o l i d  boundaries mark the a c t i v i t i e s  
i n  which Northrop Ventura had primary r e s p o n s i b i l i t y .  The 
c i r c l e d  numbers i n  t h e  fol lowing d i s c u s s i o n  refer  t o  the 
a c t i v i t i e s  i n  t h i s  f i g u r e .  

The first a c t i v i t y  was the p repa ra t ion  of s p e c i f i c  re-  
commendations on t h e  s ope of the s tudy and the p repa ra t ion  
of program schedules . These were summarized i n  write- 
ups and submitted t o  &, 0. The f i r s t  phase of the s tudy  
e f f o r t  started w i t h  a rather gene ra l  survey of the sensor  
p oblem 0. T h i s  w a s  repor ted  i n  the F i r s t  Progress  Report 6- 

A number of computer generated t r a j e c t o r i e s  inc luding  
bo th  t abu la t ed  data listings and p l o t s  were provided by JPL 0. These were analyzed t o  determin p o s s i b l e  t r ends  that  
mght  be u s e f u l  to a sensing system 6. Also, a n  i n v e s t i -  
g a t i o n  w a s  undertaken t o  e s t a b l i s h  the prime sensors  that  
would be available fo r  t h i s  a p p l i c a t i o n  7 . I n  a d d i t i o n ,  
a n  expanded i n v e s t i g a t i o n  determined whic Q f l i g h t  
can be der ived  w i t h  Combinations of pr ime sensors  6 . 
The r e s u l t s  of these i n v  s t i g a t i o n s  were presented i n  the 
Second Progress  Report 6 . 

rameters 

* "Sensed" a c c e l e r a t i o n  a *  i s  related t o  a c c e l e r a t i o n  
a by a vec to r  equstion, a '  = a - G where G i s  the 
p l a n e t  f s  g r a v i t a t i o n a l  specific-forc;  (11). 
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Addit ional  t r a j e c t o r i e s  were provided by JPL 9 . The 
feas ib i l i t i es  of 13 sensor  system ideas were e s t a b l  shed 0 
i n  the Thi rd  
ended. 

. 
Block diagrams how these ideas could be mecha- 
nized were prepared This informat ion  was presented 

@, and the f i rs t  s tudy phase 

The second phase of the s tudy  started w i t h  an  a n a l y s i s  t o  
;;:;Eli& the feas ib i l i ty  of three a d d i t i o n a l  sensor  s y  tern 

More t r a j e c t o r i e s  were provided by JPL . 
Three Candi t e  Systems were s e l e c t e d  and performance ana lyses  
were made 
tems were developed i n  prel iminary form 

Ek%ve@ . The r e s u l t s  of t h i s  s tudy phas were summarized 
and presented i n  the Fourth Progress Report & . 

The F i n a l  System was s e l e c t e d  and the t h i r d  and f i n a l  
phase of the s d y  was started. More t r a j e c t o r i e s  were pro- 
vided by JPL & . Additional performance a n a l y s i s  was 
undertaken @ . C i r c u i t  diagrams f o r  the F i n a l  System were 
p re  ared @ . Additional r e l i a b i l i t y  a n a l y s i s  s performed 

The F i f t h  Progress Report was p epared @ . 
f i n a l l y ,  the F i n a l  Report w a s  prepared & . 

& . The mechanization and f o r  these sys -  
. Considerat ion 

t o  the matter of how t h e i r  could be en- 

6 . And 

4 

5 
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T h i s  s e c t i o n  d i scusses  the scope of the s tudy.  The 
underlying condi t ions ,  r e s t r a i n t s  and assumptions used t o  
develop the r e s u l t s  presented i n  the subsequent s e c t i o n s  
are ind ica t ed .  These include the l a n d e r  veh ic l e  charac- 
t e r i s t i c s ,  the Mars atmosphere models, the t r a j e c t o r y  
e n t r y  condi t ions  and the spec i f  ied parachute deployment 
condi t ions .  Most of these  cond i t ions  are common t o  a l l  
three s tudy phases; however, some are r e s t r i c t e d  t o  only 
one o r  two phases. I n  general ,  l i m i t e d  r e s t r i c t i o n s  are 
ind ica t ed  bo th  here and i n  the s e c t i o n s  of the r e p o r t  
where they s p e c i f i c a l l y  apply.  

2 .1  THE TRAJECTORY DATA 

A bas i c  dec i s ion  was made a t  the s ta r t  of the study 
that t r a j e c t o r y  a s p e c t s  of the analyses would be based on 
computer generated t r a j e c t o r i e s  ( a s  opposed t o  approximate 
a n a l y t i c  s o l u t i o n s ) .  The d e c i s i o n  w a s  based on the  belief 
that  a more comprehensive and accu ra t e  a n a l y s i s  would re- 
s u l t .  By and large, th i s  bel ief  was v e r i f i e d  during the 
course of the s tudy.  

A l l  t r a j e c t o r y  data were provided by JPL. The com- 
p u t e r  program used t o  genera te  these data f e a t u r e d  s i x  
degrees of freedom f o r  the  veh ic l e ;  a n  ob la t e ,  r o t a t i n g  
p l ane t ;  and two-dimensional t a b l e s  of aerodynamic coef - 
f i c i e n t s .  I n  a d d i t i o n  t o  d e t a i l e d  p r in t -ou t s ,  i n  which 
all the  important t r a j e c t o r y  parameters were l i s t e d  a t  
d i s c r e t e  po in t s  along the  f l i g h t  path,  s e l e c t e d  p l o t s  were 
also provided. 

A t o t a l  of 41 computer generated t r a j e c t o r i e s  ( runs )  
were used during the course of the study. These are sum- 
marized i n  terms of the v a r i a b l e s  that d i s t i n g u i s h  them 
i n  Table la.  These v a r i a b l e s  are ( a )  the en t ry  mode -- 
orb i t a l  o r  hyperbol ic ,  (b) t he  atmosphere m o d e l ,  ( c )  the 
e n t r y  v e l o c i t y  VE, ( d )  the e n t r y  f l i g h t  path angle YE, 
( e )  the en t ry  angle of a t t a c k  UE, ( f )  t h e  e n t r y  r o l l i n g  
v e l o c i t y  p ~ ,  and (g)  the e n t r y  azimuth angle X E .  Table  
l b  presents  a summary of s e l e c t e d  items of data appearing 
i n  t h e  computer generated t r a j e c t o r i e s  n e a r e s t  Mach number 
M = 1 .0 .  
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TABLE lba SUMMARY OF TRAJECTORY DATA AT M = 1.0 

I TIME ! )rL.PAT?i ACCE1,ER STAGNA-  1 

, tO 340,1191 71.5s 
59 355.1261 55.270 

, b l  3bu.278 3'- 
50 332.336 33.359 
5f- 3 j b . t b  ?u.u22 

7 
i 
I 

I 1 1 I 1 I I I 1 t I I 1 1 I I I I 1 
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2 .2  THE LANDER VEHICLE 

The shape of the l ande r  veh ic l e  i s  that  of a b l u n t  cone 
w i t h  rounded shoulders  and a f l a t  base.  A s ide  view of the 
l a n d e r  vehic le  is  shown i n  Figure 2. The l a n d e r  v e h i c l e  i s  
symmetrical about i t s  l o n g i t u d i n a l  a x i s ,  b o t h  geomet r i ca l ly  
and w i t h  r e spec t  t o  i t s  mass d i s t r i b u t i o n .  The moment c e n t e r  
i s  loca ted  one q u a r t e r  of a diameter  a f t  of t he  nose. 

The mass of the l a n d e r  v e h i c l e  i s  assumed t o  be a con- 
s t a n t  31.677 s l u g s  (no mass loss due t o  a b l a t i o n  i s  cons ide red ) .  
Its moments of  i n e r t i a  about the X, Y and Z axes  are 300, 
270 and 270 s lug - f t2 , r e spec t ive ly  and the  products  of i n e r t i a  
are zero.  The base diameter ( r e fe rence  dimension) i s  taken  t o  
be D = 1 2  f t .  

The l a n d e r  v e h i c l e ' s  s t a t i c  aerodynamic c h a r a c t e r i s t i c s  
were spec i f i ed  i n  the  computer program by three two-dimensional 
t a b l e s  organized as fol lows:  

M 

U 

= 0.3, 0.5, .. , 50.0 
= 0,  10, .. , 180 deg 

where AXN/D = (Xnose - & . p . ) / D .  The q u a n t i t i e s  Xnose 
and X C . ~ .  a r e  t h e  d i s t a n c e s  a long  the X a x i s  a t  which the  
nose of the veh ic l e  and the c e n t e r  of p re s su re  occur.  
va lues  i n  t h i s  table were f o r  an  ang le  of s i d e s l i p  fl = 0 . )  
For va lues  of M and a not  i n  t h e  t a b l e ,  a l i n e a r  i n t e r -  
p o l a t i o n  was made. 

( A l l  

Plots prepared  from t h e  aerodynamic t a b l e s  are presented 
i n  Figures  3, 4 and 5. Figure 3 p resen t s  a x i a l  f o r c e  coef -  
f i c i e n t  CA ( p o s i t i v e  i n  t h e  -X d i r e c t i o n )  versus  Mach number 
f o r  seven values of t o t a l  angle  of a t t a c k  q from 0 t o  180 
degrees.* Figure 4 presen t s  normal f o r c e  c o e f f i c i e n t  CN 
( p o s i t i v e  i n  t h e  -Z d i r e c t i o n )  versus  Mach number f o r  seven 
va lues  of angle of a t t a c k  a from 0 t o  180 degrees .  Figure 
5 p resen t s  s imi la r  curves f o r  the c e n t e r  of p ressure  l o c a t i o n  
cm/cN. This  i s ,  i n  e f f e c t ,  the  p o s i t i o n  ( i n  u n i t s  of D )  a t  

* The t o t a l  angle  of a t t a c k  rl i s  t h e  r e s u l t a n t  angle as- 
soc ia t ed  w i t h  a and p .  I n  the s t r i c t e s t  sense,  i t  i s  
computed w i t h  the r e l a t i o n  

= a r c t a n  ( tan2  a + t a n 2  B 12 
1 

T 

10 

. 
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a 

which a f o r c e  equal  t o  the normal f o r c e  w i l l  produce a 
moment (w/t the moment c e n t e r )  equal t o  the aerodynamic 

by the r e l a t i o n  
p i t c h i p 4  mmzent. ~ k ; e  r a t i o  cm/cij is r e l a t e d  to AXE/D 

The aerodynamic c h a r a c t e r i s t i c s  Cy and Cn/Cy are of 
course inferred by CN and Cm/CN. 

I n  a d d i t i o n  t o  the  fo rce  and c e n t e r  of pressure  data 
descr ibed  above, one s t a b i l i t y  d e r i v a t i v e  i s  assumed; v i z . ,  
Cm = -0.145. The s t a b i l i t y  d e r i v a t i v e  Cnr i s  of course 
eq3al to c m  . All other  s t a b i l i t y  d e r i v a t i v e s  such as 

The base pressure  c o e f f i c i e n t  and a range of u n c e r t a i n t y  f o r  
t h i s  c o e f f i c i e n t  are assumed f o r  t h e  l a n d e r  v e h i c l e  through- 
o u t  a l l  three s tudy phases. These are shown i n  F igure  6 t o -  
gether w i t h  the l imited amount of base pressure  data found 
dur ing  the course of the s tudy.  There is  l i t t l e  doubt t ha t  
a s u i t a b l e  t es t  program could reduce the u n c e r t a i n t y  ind ica t ed  
by the spacing between the upper and lower curves i n  t h i s  
f i g u r e  . 

are as su ied  equal  t o  zero.  
cJl P 

During Phase 3, the unce r t a in ty  i n  the l a n d e r  v e h i c l e ' s  
aerodynamic f o r c e  c h a r a c t e r i s t i c s  i s  considered.  T h i s  un- 
c e r t a i n t y  i s  assumed t o  be represented  by a "band" of va lues  
f o r  both the a x i a l  f o r c e  c o e f f i c i e n t  and t h e  nornal  f o r c e  
c o e f f i c i e n t .  The c e n t e r  o f  the "band" i s  assumed t o  be the 
va lues  g iven  i n  F igures  3 and 4, and the wid th  of the "band" 
i s  taken  t o  follow the  schedule g iven  below. 

VARIATION (Half-Band Width)  W C H  NUMBER 

M = 0.3 
M = 2.01 
M = 3.02 

M = 5.01 
M = 9.02 

M = 5 0  
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2.3 THE PLANET MARS AND ITS ATMOSPHEFE 

The p lane t  Mars was assumed t o  be an  ob la t e  spheroid 
w i t h  a n  e q u i t o r i a l  r a d i u s  of 11,180,000 feet .  The g r a v i -  
t a t i o n a l  cons t an t  ( w / t  i n e r t i a l  space)  a t  the equator  was 
taken  t o  be 
g r a v i t y  a t  p o i n t s  away from the equator  w a s  computed w i t h  
a n  express ion  that included one obla teness  t e r m .  The value 
used f o r  the angular  v e l o c i t y  of the p l a n e t  was UJ = 0.00007292 
rad/sec. 

G = 12.3 f t / sec2 .  The a c c e l e r a t i o n  due t o  

The lVkrs atmosphere i s  represented  by s ix  models: VM-1, 
VM-2, VM-3, VM-4, VM-7 and VM-8. These are each s p e c i f i e d  by 
a n  assumed gas composition and s e v e r a l  cons t an t s  such as the 
su r face  dens i ty ,  the lapse rate and the tropopause a l t i t u d e  (1). 
Each atmosphere m o d e l  f e a t u r e s  a n  a d i a b a t i c  t roposphere and a 
cons tan t  temperature s t r a tosphe re .  The dens i ty ,  p ressure  and 
temperature p r o f i l e s  f o r  these atmospheres a r e  shown i n  F igures  
7 - 9, Except f o r  the wind runs  descr ibed  immediately below, 
the atmospheres r o t a t e  with the p lane t .  

During Phase 3 ,  a s p e c i a l  wind model i s  assumed i n  o rde r  
t o  estimate the most adverse poss ib l e  e f f e c t  of wind, This 
model assumes the atmosphere above a c e r t a i n  a l t i t u d e  r o t a t e s  
w i t h  the planet; i .e . ,  the "air" p a r t i c l e s  main ta in  cons t an t  
l ong i tude  and l a t i t u d e .  This a l t i t u d e  i s  c a l l e d  the shear 
height hs. Below the shear height, the atmosphere i s  as- 
sumed t o  a c t  as a l a y e r  moving i n  a uniform manner e i ther  t o -  
ward the Fast o r  toward the West. The v e l o c i t y  ( w / t  the  p l a n e t )  
of t h i s  moving l a y e r  is  c a l l e d  the  wind speed. For Model Atmos- 
pheres VM-3 and VM-8, this wind speed i s  assumed t o  be 155.5 
and 220 f t / s e c ,  r e spec t ive ly .  
employed somewhat d i f f e r e n t  wind speed va lues .  However the 
e f f e c t s  of these v a r i a t i o n s  proved no t  t o  be important.3 

84. 
above the po in t  a t  which the Mach number 1 .0  f l i g h t  cond i t ion  
would have occurred had there been no wind; the shear heights 
f o r  Runs 83 and 84 are a t  a l t i t u d e s  s l i g h t l y  above the po in t  
a t  which the m a x i m u m  "sensed" a c c e l e r a t i o n  occurs.  

(Runs 83 and 84 u n i n t e n t i o n a l l y  

Four t r a j e c t o r y  r u n s  f e a t u r e  a wind l a y e r ;  v i z .  , Runs 81 - 
The shear heights f o r  Runs 81 and 82 are a l t i t u d e s  s l i g h t l y  

2.4 THE ENTRY CONDITIONS 

The poin t  of e n t r y  "E" i s  def ined  as the po in t  i n  the 
t r a j e c t o r y  having a n  a l t i t u d e  of 805,000 f t .  This a l t i t u d e  i s  
the a r b i t r a r i l y  assumed o u t e r  edge of the p l a n e t ' s  atmosphere, 



. - .  

FIGURE 7, ALTITUDE VERSUS DENSITY FOR THE S I X  MARS MODEL ATMOSPHERES 

PRESSURE, LB/Pr2 

FIGURE 8, ALTITUDE VERSUS PRESSURE FOR THE S I X  MARS MODEL ATMOSPHERES 
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. .  

and a l l  t r a j e c t o r y  computations s ta r t  a t  t h i s  p o i n t .  Po in t  
E i s  i n  the  e q u a t o r i a l  plane f o r  a l l  t r a j e c t o r i e s  considered 
i n  t h i s  study. Values and ranges f o r  the l a n d e r  v e h i c l e  
o r i e n t a t i o n  and v e l o c i t y  v a r i a b l e s  a t  Po in t  E f o r  each s tudy 
phase are given i n  Table  2. 

- .  

2.5 THE SPECIFIED PARACHUTE DEPLOYMENT CONDITIONS 

Recent s t u d i e s  a t  Northrop Ventura have ind ica t ed  f l i g h t  
Mach number t o  be the most s u i t a b l e  des ign  c r i t e r i o n  f o r  the 
i n i t i a t i o n  o f  parachute deployment (10) .  These s t u d i e s  have 
ind ica t ed  that heating should not be a problem f o r  deployment 
Mach numbers less than  5.0. However, these s t u d i e s  have a l s o  
ind ica t ed  t h a t  c e r t a i n  canopy i n f l a t i o n  and o s c i l l a t i o n  prob- 
lems are  s t rong ly  Mach number dependent and would m e r i t  con- 
s i d e r a t i o n  a t  the time a parachute des ign  i s  s e l e c t e d .  It 
was primari ly  f o r  t h i s  reason that Mach number was s e l e c t e d  
f o r  t he  parachute deployment i n i t i a t i o n  c r i t e r i o n .  

During Phase 1, three i n i t i a t i o n  Mach numbers are  con- 
s ide red .  These are r e f e r r e d  t o  as the s p e c i f i e d  Mach numbers. 
They are Ms = 1 . 0 ,  2.5 and 5 . 0 .  

- 

During Phases 2 and 3, only one s p e c i f i e d  Mach number 
Ms = 1.0  i s  used. 

It s h o u l d  be r e a l i z e d  tha t  t h e  s p e c i f i e d  Mach number i s  
a n  i d e a l  Mach number i n  the sense that t h i s  i s  the f l i g h t  
cond i t ion  a t  which a p e r f e c t  sensor  system would i n i t i a t e  
parachute deployment. The t r u e  Mach number a t  which an  a c t u a l  
( imperfec t )  sensor  s y s t e m  would i n i t i a t e  parachute deployment 
i s  referred t o  as the t r i g g e r  Mach number. 

2 . 6  THE ENVIRONIYENTAL CONDITIONS 

The environmental condi t ions  assumed f o r  t h i s  s tudy are 
presented i n  Table 3. Both preopera t iona l  and ope ra t iona l  
environments are l i s t e d .  The p reope ra t iona l  environments a r e  
t h e  condi t ions  t ha t  the sensor  s y s t e m s  are subjec ted  t o  p r i o r  
t o  t h e  time tha t  they  perform t h e i r  func t ion .  The o p e r a t i o n a l  
environment i s  viewed as the  cond i t ions  under which the senso r  
sys t ems  a r e  r equ i r ed  t o  func t ion .  

2.7 THE OPERATIONAL ERRORS 

The ope ra t iona l  e r r o r s  are def ined i n  t h i s  study as t h e  
e r r o r s  due t o  imperfect  func t ion ing  of the sensor  s y s t e m .  
These a r e  viewed as being p r i m a r i l y  due t o  environmental 
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TABLE 3, MODEL ENVIRONMEINTS FOR THE SENSOR SYSTEMS STUDY 
- .-.---- _ ^ _ _ _  --._ ----.-----..-- 

1-- 
ENVIRONMENT OPERATIONAL MODE DESCRIPTION ---- _- 

1.0  PREOPERATIONAtY 

1.1 Temperature 

1.2 Chemical 

1.3 P r e s s u r e  

1.4 Acce le ra t ion  

1.5 Shock 

1.6 V i b r a t i o n  

1.7 Accous t ica l  
Noise 

1.8 R a d i a t i o n  

1 . 9  Meteoroids  

1.10 Ma n e t i c  
FF&x-- 

1.11 H h Ener 
&€mi+ 

2.0 OPERATIONAL* 

2.1 Temperature 

2.2 P r e s s u r e  

2 .3  Acce le ra t ion  

S t e r i l i z a t i o n  : 
Launch: 
Trans-Mars : 
Entry  : 

S t e r i l i z a t i o n :  

En t ry  : 

Pre launch  : 
Launch: 
Trans -Mars : 
Entry  : 

Launch : 
Trans -Mars : 

Ent ry  : 

Launch : 
Trans-Mars and 
En t ry  : 

Launch : 

Trans-Mars and 
En t ry  : 

Launch: 

Trans-Mars and 
En t ry  : 

Trans-Mars : 

Trans-Mars : 

Trans -Mars : 

Trans-Mars : 

O s c i l l a t i o n  
Mode No. 1 
( P l a h r  Motion):  

Osc i l l a t  i o n  
Mode No. 2 
(Coning Mot i o n  ) .: 

257OF f o r  7 6  hour s  
60°F i n c r e a s i n g  t o  ~ O O O F  i n  10 minutes  
100°F f o r  260 days  
100°F t o  180°F t o  O°F i n  1 0  minutes  

12% ET0 and 88% Freon,  104'F f o r  28 hours  
(Unit  remains  sealed u n t i l  e n t r y )  
lo@ c02 

14.7 2 0.2 PSIA 
14.7 PSIA t o  t o r r  i n  140 seconds  
10'8 t o r r  
10-8 t o r r  t o  4.5 PSIA i n  10 minutes  

7 "g"  f o r  10 minutes  
0 "g" f o r  260 days ;  three mid-course 
maneuvers a t  7 "g" f o r  2 minutes  t o t a l .  
O "g" 

20 "g" max, 5 "g" av.  f o r  1 0  m i l l i s e c o n d s  

t o  22 "g" t o  1/2 "g "  i n  10 minutes  

Negl i g  l b l  e 

600 t o  1000 c p s  w i t h  S p e c t r a l  Power 
Dens i ty ,  SPD = 0.1 g2/cps f o r  10 minutes  

Negl lg i b l  e 

150 db f o r  60 seconds  

Neglig i b l  e 

X-rays d e c r e a s i n g  from E a r t h  environment  
l e v e l  t o  6 W  of t h i s  v a l u e  i n  260 days 

N e g l i g i b l e  (assumed p r o t e c t e d  ) 

0.7 g a u s s  t o  0 i n  260 days  

300 rad  t o t a l  dose  

T = -40°F t o  40°F 

P = 3 PSFA t o  6 PSFA 

:[;lo= 8.7O s i n  (m f t ) ,  f = 1.888 cps  
B a  = o  

P = 1 rad / sec  
Q = 160 COS ~ T T  f t  , f = .275 CPS 
b = 160 s i n  121-1 ft] ,  f = .275 c p s  
(The c o n i m  f r equency  i s  .043 c p s )  

* These environmental  c o n d i t i o n s  a r e  based upon Nor throp  Venturas  I n t e r p r e t a t i o n  
of JPL Spec VOL 50503-ETS V o y a g e r  Capsule  Equipment Environmental  S p e z i f i c a t i o n "  
and NSL 62-152 "Handbook of Aerospace Environments and Missions,  1962, 
f o r  NASA by the  Northrop Space L a b o r a t o r i e s .  

p repared  
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e f f e c t s  and are referred t o  as environmental u n c e r t a i n t i e s .  
nine reason f o r  this i s  as follows: a c ' n  ~~~i~~~~ systerii com- 
ponent (or, f o r  that  matter,  a whole sensor  s y s t e m )  can be 
made t o  func t ion  w i t h  exce l l en t  r e p e a t a b i l i t y  under i d e a l l y  
con t ro l l ed  condi t ions  such as a c a l i b r a t i o n  l abora to ry  might 
have. The reason  a component would n o t  f u n c t i o n  p e r f e c t l y  
a t  the t i m e  of the Mars en t ry  i s  due t o  either o r  both of 
two reasons.  These are e f f e c t s  due t o  aging (the preoper- 
a t i o n a l  environment) and e f f e c t s  due t o  the condi t ions  under 
which it is  requi red  t o  func t ion  ( t h e  ope ra t iona l  environment). 

I 

I n  phase 1, no environmental u n c e r t a i n t i e s  are assumed. 

I n  Phase  2, s p e c i f i c  environmental u n c e r t a i n t i e s  are  
assumed. These are assoc ia ted  w i t h  the  opera t ion  of the two 
prime sensors  employed i n  the Candidate Systems; namely, a n  
accelerometer and a pressure t ransducer .  These u n c e r t a i n t i e s  
are + 5% f o r  the outputs  of both u n i t s .  I n  p a r t i c u l a r ,  i t  
i s  assumed that 

where Ph and a '  are base pressure  and "sensed" a c c e l e r a t i o n ;  
and the h b s c r i p t s  ACT and IND s tand f o r  a c t u a l  and ind ica t ed ,  
r e spec t ive ly .  

I n  Phase 3, the environmental u n c e r t a i n t i e s  are handled 
i n  a manner similar t o  that used i n  Phase 2. I n  t h i s  phase, 
the environmental u n c e r t a i n t i e s  are the r e s u l t  of a detailed 
e r r o r  a n a l y s i s  and are as fol lows:  

(a) For the Primary Subsystem, 

(b)  For the Secondary Subsystem, 
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3.0  FEASIBLE SYSTEMS STTJDY (PHASE 1) 

I n  this  study phase, a sensor  system i s  considered 
feasible i f  i t  can be shown t o  s a t i s f y  three c r i t e r i a .  
These are that the funct ions i t  performs can be mechanized 
w i t h  e x i s t i n g  technology; that the s i z e ,  weight and re -  
l i a b i l i t y  of i t s  components are reasonably compatible w i t h  
the l a n d e r  veh ic l e  and the mission requirements;  and that  
a prel iminary eva lua t ion  of the system's  performance i n -  
d i c a t e s  that it i s  s a t i s f a c t o r y .  The l a s t  c r i t e r i o n  means 
that  the sensor  system should n e i t h e r  t r i g g e r  parachute 
deployment a t  t o o  high a Mach number o r  a t  t o o  low a n  a l t i -  
tude.  Too high a Mach number i s  taken t o  be any Mach number 
g r e a t e r  than  the spec i f i ed  value; t oo  low a n  a l t i t u d e  i s  
taken  t o  be below 1000-ft. A system need s a t i s f y  the above 
c r i t e r i a  f o r  on ly  one e n t r y  mode and one s p e c i f i e d  Mach 
number i n  order  t o  be considered feasible.  

Table 4 presents  a listing of the  sensor  systems found 
t o  be feasible i n  the sense of the preceding paragraph. No 
s p e c i a l  s i g n i f i c a n c e  shou ld  be a t t ached  t o  the listing order .  
Brief d e s c r i p t i o n s  of these sensor  systems are  presented i n  
the subsec t ion  immediately below. Following these desc r ip t ions ,  
s e v e r a l  o t h e r  systems a re  suggested. F ina l ly ,  the  r e s u l t s  of 
the performance ana lys i s  are presented.  

3.1 FEASIBU SYSTEMS' DESCRIPTIONS 

A func t iona l  d e s c r i p t i o n  f o r  each of the s i x t e e n  sensor  
systems analyzed i n  this  phase of the study are g iven  i n  the 
following paragraphs (More detailed d e s c r i p t i o n s  are presented 
i n  References 18 and 19) .  

System B: Accelerat ion Matrix F i t  

A n  accelerometer  i n  the  l a n d e r  v e h i c l e  i s  used t o  monitor 
the total sensed a c c e l e r a t i o n  during e n t r y .  The maximum a c -  
c e l e r a t i o n  l e v e l  i s  noted as is  the a c c e l e r a t i o n  l e v e l  a t  each 
of two subsequent preset t i m e  i n t e r v a l s .  The t i m e  i n t e r v a l  
requi red  t o  reach  the  specified Mach number is  computed as 
a s imple  f u n c t i o n  of these  
t r igger  pulse  i s  generated 

three a c c e l e r a t i o n  va lues .  The 
a f t e r  t h i s  t i m e  i n t e r v a l  has e lapsed .  
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TABLE 4, SENSOR SYSTEMS ANALYZED FOR FEASIBILITY 

P r i m e  Sensors 

N a m e  o f  System 

- - 
B 

C 

D 

F 

G 

H 

I 

J 

N 

0 

P 

Q 

R 

T 

U 

L 

24 

Y 

Acceleration Matrix F i t  

Altimeter and Timer 

O s c i l l a t i o n  Counter 

I n e r t i a l  P a t h  Angle 

Radar A 1  t imeter  

Towed Body 

Stag t o  Base Press  Rat io  

Base Press t o  
Accelerat ion Rat io  

Accelerat ion 

Ac c e 1 era t ion  Func t i  on 

Time a f t e r  Max Accel In 

Time Function of Max 
Accelera t ion  

Base Pressure 

Stagnat ion Pressure t o  
Accelerat ion Rat io  

Stagnat ion Pressure 

Staff Press and T i m e r  

- - 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

- 

- - 

X 

X 

X 

- - 

X 

X 

X 

L 

- - 
X 

X 

X 

X 

X 

X - 



System C: A l t i m e t e r  and T i m e r  

A radar altimeter i n  the lancier ven ic i e  monitors the 
a l t i t u d e  during en t ry .  
i s  reached, a t i m e r  starts and runs f o r  a preset i n t e r v a l  
a s soc ia t ed  w i t h  the spec i f i ed  Mach number. The t r igge r  
pulse  is generated a t  t h e  end of this i n t e r v a l .  

When a preset value of the a l t i t u d e  

System D: O s c i l l a t i o n  Counter 

t o  i t s  i n i t i a l  angle of a t t a c k  a t  e n t r y  and a l s o  t o  i t s  low 
p i t c h  damping c h a r a c t e r i s t i c s .  An accelerometer  i s  used t o  
sense these o s c i l l a t i o n s  and a counter  is used t o  count them. 
Another accelerometer  i s  used  t o  sense the maximum value of 
the t o t a l  sensed acce le ra t ion .  The number of o s c i l l a t i o n s  
requi red  t o  reach  the spec i f i ed  Mach number i s  computed as 
a s i m p l e  f u n c t i o n  of the maximum a c c e l e r a t i o n .  The t r igger  
pulse  i s  generated when the number of o s c i l l a t i o n s  becomes 
equal  t o  t h i s  computed number. 

The v e h i c l e  o s c i l l a t e s  throughout the e n t r y  due i n  p a r t  

System F: I n e r t i a l  Pa th  -le 

The i n e r t i a l  path angle is  monitored by sensing the 
angle between the a c c e l e r a t i o n  vec to r  and the Sun's d i r e c t i o n  
during en t ry .  This information, i n  combination w i t h  the 
maximum a c c e l e r a t i o n  l e v e l ,  is used t o  compute the path angle 
a s soc ia t ed  w i t h  the spec i f i ed  Mach number. The trigger pulse  
i s  generated when the path angle becomes equal t o  the computed 
value.  

System G: Radar Altimeter 

The a l t i t u d e  of the l ande r  veh ic l e  i s  monitored w i t h  a 
radar altimeter during entry.  The t r igger  pulse  i s  generated 
when a preset a l t i t u d e  assoc ia ted  w i t h  the s p e c i f i e d  Mach 
number i s  sensed. 

System H: Towed Body 

An accelerometer  i s  used t o  monitor the t o t a l  sensed 
a c c e l e r a t i o n  during entry.  A f t e r  a preset t i m e  i n t e r v a l  
fol lowing peak acce le ra t ion ,  a secondary body having a lower 
b a l l i s t i c  c o e f f i c i e n t  then the l ande r  veh ic l e  i s  deployed i n -  
t o  the wake and coupled t o  the l ande r  veh ic l e  by a r i se r .  
The t ens ion  i n  the riser i s  sensed by a s t r a i n  l i n k .  The 
t r i g g e r  pulse  i s  generated when the r a t i o  of the t ens ion  t o  
the t o t a l  a c c e l e r a t i o n  reaches a preset va lue  a s soc ia t ed  
w i t h  the s p e c i f i e d  Mach number. 

25 



- .  
I "  

System I: Stagnat ion  t o  Base Pressure  Ra t io  

The s tagnat ion  pressure,  as sensed through a small 
hole  a t  the nose, and the base pressure  on the  l ande r  ve- 
h i c l e  are monitored by sepa ra t e  pressure  t ransducers  during 
en t ry .  The t r i g g e r  pulse  is  generated when the r a t i o  of 
t hese  two pressures  becomes equal  t o  a p r e s e t  value a s s o c i -  
ated w i t h  the s p e c i f i e d  Mach number. 

System J: Base Pressure t o  Accelerat ion Ra t io  

An accelerometer i s  used t o  sense the t o t a l  sensed ac -  
ce l e ra t ion ,  and a pressure  t ransducer  i s  used t o  sense the 
base pressure on the l ande r  ven iz l e  du~l . ing e n t r y .  
ge r  pulse  is  generated when t h e  base pressure  t o  a c c e l e r a t i o n  
r a t i o  reaches a preset value a s soc ia t ed  w i t h  the  s p e c i f i e d  
Mach number. 

The t r i g -  

System N:  Accelerat ion 

a c c e l e r a t i o n  dur ing  e n t r y .  When a f i rs t  p r e s e t  a c c e l e r a t i o n  
l e v e l  i s  exceeded, t h e  t r i g g e r  c i r c u i t  i s  armed. The t r i g -  
ger  pulse  is generated when the a c c e l e r a t i o n  l e v e l  f a l l s  
below a second p r e s e t  a c c e l e r a t i o n  l e v e l  a s s o c i a t e d  w i t h  the 
s p e c i f i e d  Mach number. 

An accelerometer i s  used t o  monitor t h e  t o t a l  sensed 

System 0: Accelerat ion Function 

An accelerometer i s  used t o  monitor the t o t a l  sensed 
a c c e l e r a t i o n  d u r i n g  en t ry .  When a p r e s e t  a c c e l e r a t i o n  l e v e l  
i s  exceeded, t he  t r igger  c i r c u i t  i s  armed. The maximum ac -  
c e l e r a t i o n  value i s  noted and used t o  compute t h e  a c c e l e r a t i o n  
l e v e l  assoc ia ted  w i t h  the  spec i f i ed  Mach number. 
pulse  i s  generated when the a c c e l e r a t i o n  l e v e l  drops t o  t h i s  
computed l e v e l .  

The t r i gge r  

System P: Time After  Maximum Accelerat ion 

An accelerometer i s  used t o  monitor the  t o t a l  sensed 
a c c e l e r a t i o n  dur ing  e n t r y .  A t i m e r  is  s tar ted when the maxi- 
mum acce le ra t ion  t i m e  occurs.  The t r igger  pulse  i s  generated 
a f t e r  a p rese t  t i m e  i n t e r v a l  a s soc ia t ed  wi th  the s p e c i f i e d  
Mach number. 
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System Q.: Time Function of  Maximum Accelerat ion 

An accelerometer  i s  used t o  monitor the t o t a l  sensed 
a c c e l e r a t i o n  during entry.  The maximum a c c e l e r a t i o n  l e v e l  
i s  noted and a t i m e r  i s  started. The t i m e  requi red  t o  reach  
the s p e c i f i e d  Mach number is  computed as a s i m p l e  func t ion  of 
the maximum acce le ra t ion .  The trigger pulse  is  generated 
af ter  th i s  t i m e  i n t e r v a l  has passed. 

System R: Base Pressure 

a pressure  t ransducer  during en t ry .  The t r igger  pulse  is  
generated when a preset pressure l e v e l  a s soc ia t ed  w i t h  the 
s p e c i f i e d  Mach number i s  sensed. 

The base pressure on the  l ande r  veh ic l e  is  monitored by 

System T: S tagnat ion  Pressure t o  Accelerat ion Rat io  

The s t agna t ion  pressure,  as sensed through a small hole  
a t  the nose, and the t o t a l  sensed a c c e l e r a t i o n  are sensed by 
appropr i a t e  t ransducers  during en t ry .  The t r igger  pulse  i s  
generated when the r a t i o  of the s t a g n a t i o n  pressure  t o  ac -  
c e l e r a t i o n  reaches a p rese t  value a s soc ia t ed  w i t h  the spec i -  
f i e d  Mach number. 

System U: S tannat ion  Pressure 

The s t agna t ion  pressure,  as sensed through a small hole  
a t  the nose, i s  monitored by a pressure  t ransducer  during 
en t ry .  When a f i rs t  prese t  p ressure  l e v e l  i s  exceeded, the 
t r i g g e r  c i r c u i t  i s  armed. The t r igger  pulse  i s  generated 
when the pressure  l e v e l  f a l l s  below a second preset l e v e l  
a s soc ia t ed  w i t h  the s p e c i f i e d  Mach number. 

System V: S tagnat ion  Pressure and T i m e r  

a t  the nose, is monitored by a pressure  t ransducer  during 
en t ry .  A t i m e r  is  started when the s t a g n a t i o n  pressure  mini- 
mum occurs. The trigger pulse  i s  generated a f te r  a p rese t  
t i m e  i n t e r v a l  assoc ia ted  w i t h  the  s p e c i f i e d  Mach number. 

The s t agna t ion  pressure,  as sensed through a small hole  
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TABLE 5, LISTING OF SENSOR SYSTEMS fl2 ANALYZED FOR FEASIBILITY 

P r i m e  Sensors 

Name of System 

E ected-Spinning Body 

Ejected-Spinning Body 
I n e r t i a l  P a t h  A n g l e  

2-Point Acceleration 
S t a t i c  Pressure D i s t r i -  
bu t ion  change a t  

Base Pressure Change 

Accelerat ion Change 
a t  M = 1 . 0  

Temperature 
Heat Rate 
Alt imeter  and R a t e  o f  

A 1  t i m e  t e r  and 

P 1 u s  Accelerometer 

(Modified ) 

M = 1 . 0  

a t  M = 1 . 0  

Descent 

Ac c e l  erome t er 

- - 
X 

X 

X 

X 

X 

- 

- - 
X 

X 

X 

X 
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3.2 IDEAS FOR OTHER SYSTEMS 

Table 5 p resen t s  a listing of sensor  system concepts 
no t  analyzed f o r  feas ib i l i ty ,  bu t  f o r  which, a d e f i n i t e  
p o t e n t i a l  i s  f e l t  t o  e x i s t .  Again, no s p e c i a l  s i g n i f i c a n c e  
should be a t tached  t o  t h e  listing order.  Most of these 
systems are apparent ly  as s i m p l e  as those  descr ibed i m -  
media te ly  above. Brief desc r ip t ions  of these concepts are 
presented i n  Reference 18. 

3.3 FEASIBLE SYSTEMS ANALYSES 

Twelve o r b i t a l  and f ive hyperbol ic  t r a j e c t o r i e s  were 
a v a i l a b l e  f o r  Phase  1 as noted i n  Table 1. These were used 
t o  develop a common basis f o r  comparison of the s i x t e e n  
sensor  systems descr ibed i n  the foregoing subsect ion.  

Both o r b i t a l  and hyperbolic t y p e  e n t r y  m d e s  were con- 
s idered .  Also, f o r  each e n t r y  mode, three s p e c i f i e d  Mach 
numbers were considered: & = 1.0,  2.5 and 5.0. Details 
of the ana lyses  are presented i n  References 18 and 19. 

The performance analyses were c a r r i e d  out  as fol lows:  
F i r s t ,  each system w a s  defined e x p l i c i t l y .  The a v a i l a b l e  
t r a j e c t o r y  data were used t o  optimize these d e f i n i t i o n s .  
Next, the t r a j e c t o r y  da ta  were used t o  determine the trig- 
ger a l t i t u d e s  f o r  each combination of e n t r y  mode and spec i -  
f i e d  Mach number. These data were then compared w i t h  the 
a l t i t u d e s  a s soc ia t ed  w i t h  the  s p e c i f i e d  Mach number (referred 
t o  as the ideal a l t i t u d e s ) .  The d i f f e r e n c e s  between the 
ideal a l t i t u d e s  and the t r igger  a l t i t u d e s  were c a l l e d  the 
a l t i t u d e  reduct ions .  Because the t r i gge r  a l t i t u d e s  never 
exceeded the  ideal a l t i t u d e s ,  the a l t i t u d e  reduct ions  were 
always p o s i t i v e .  

The performances of the f e a s i b l e  systems are summarized 
i n  Tables 6 - 8 i n  terms of a l t i t u d e  r educ t ion  f o r  the 17 
t r a j e c t o r i e s  considered. Present ing the a l t i t u d e  performance 
i n  t h i s  f a sh ion  al lows d i r e c t  comparison of the systems f o r  
each of the  s p e c i f i e d  Mach number deployment condi t ions.  

For o r b i t a l  e n t r y  and Mach number 1 .0  spec i f i ed ,  the 
b e s t  performance ac ross  the board i s  provided by t h e  Base 
Pressure t o  Accelerat ion Ra t io  System (J) ,  followed c lose ly  
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by t h e  Stagnat ion t o  Base Pressure  System ( I ) .  
Pressure  and Timer System V and t h e  S tagnat ion  P res su re  t o  
Accelerat ion Ratio System 1 1  T y i e l d  approximately t h e  same 
performance. The use  of a p r e s e t  a c c e l e r a t i o n  va lue  as i n  
t he  Accelerat ion System ( N )  g ives  comparable r e s u l t s  a t  t h e  
low a l t i t u d e  end but has poorer  performance as the  Mach 
number 1.0 a l t i t u d e  i n c r e a s e s  i n  t h e  denser  atmosphere 
models. Some improvement i s  obtained by computing t h e  
a c c e l e r a t i o n  l e v e l  a s  i n  t h e  Acce lera t ion  Function System 
(0)  o r  the Accelerat ion Matrix F i t  System ( B ) .  It i s  
i n t e r e s t i n g  t o  no te  that  t h e  Al t imeter  and T i m e r  System ( C )  
and t h e  Stagnat ion Pressure  and T i m e r  System ( V )  a r e  f e a s i b l e  
f o r  t h e  o r b i t a l  en t ry ,  s p e c i f i e d  Mach number 1 .0  cond i t ions  only .  

The Stagnat ion  

For o r b i t a l  e n t r y  and Mach number 2.5 s p e c i f i e d ,  t h e  
b e s t  performance a c r o s s  t h e  board i s  provided by the  Accelera- 
t i o n  System ( N ) ,  t h e  S tagnat ion  t o  Base P res su re  Rat io  System 
( I ) ,  the  I n e r t i a l  Path Angle System (F) ,  and the  Base Pressure  
t o  Accelerat ion Rat io  System ( J ) .  Showing somewhat less p e r -  
formance are the Stagnat ion Pressure  System ( U )  and t h e  Base 
Pressure  System ( R )  . 

For o r b i t a l  e n t r y  and Mach number 5 . 0  s p e c i f i e d ,  the 
best performance a c r o s s  t h e  board i s  provided by the  Accelera- 
t i o n  Function System (0 )  followed c l o s e l y  by t h e  Acce lera t ion  
System ( N ) .  Next, w i t h  s i g n i f i c a n t l y  less performance, are  
t h e  Time After Maximum Accelerat ion System ( P ) ,  t h e  Towed 
Body System ( H ) ,  t h e  S tagnat ion  t o  Base Pressure  Rat io  System 
( I ) ,  and t h e  Base P res su re  t o  Accelerat ion Rat io  System ( J ) .  

For hyperbolic en t ry ,  only t h e  two s p e c i f i e d  Mach numbers 
of 2.5 and 5.0 are feasible.  This i s  because Mach number 1 .0  
does not  occur (above 1000 f t )  i n  Run 51. The b e s t  performing 
systems f o r  t h e  hyperbol ic  e n t r y  mode a r e  t h e  Time F’unction of 
Maximum Accelerat ion S stem ( Q ) ,  the Base Pressure  t o  Accele- 
r a t i o n  Ra t io  System (J 9 , and t h e  S tagnat ion  t o  Base Pressure  
Rat io  System (I). Next, w i th  somewhat less performance, a r e  
the Accelerat ion System ( N ) ,  t h e  Towed Body System ( H ) ,  and 
t h e  Accelerat ion F’unction System (0) .  

Comparison of a l l  s i x t e e n  systems a c r o s s  t h e  board f o r  
s u i t a b i l i t y  a t  all Mach numbers and e n t r y  modes shows t h e  
S tagnat ion  t o  Base Pressure  Rat io  System ( I )  and t h e  Base 
Pressure  t o  Accelerat ion Rat io  System ( J )  t o  have t h e  sma l l e s t  
a l t i t u d e  e r r o r s .  The Accelerat ion Function System ( 0 )  a l s o  
g ives  r a t h e r  good performance ac ross  t he  board. It appears  
that  sensor  s y s t e m s  employing an accelerometer  gene ra l ly  have 
t h e  most s a t i s f a c t o r y  performance ove r  t h e  ranges of deployment 
condi t ions  and e n t r y  modes s t u d i e d .  







L . .  
.- . .  

33 



c 

r r  

4.0 CANDIDATE SYSTEMS STUDY (PHASE 2 )  

The performance results obtained i n  the Feas ib l e  
Systems Study were combined w i t h  o t h e r  cons ide ra t ions  pre- 
pa ra to ry  t o  deciding on the s p e c i f i c  s enso r  conf igu ra t ions  
t o  be analyzed i n  Phase 2 of the s tudy.  These o t h e r  con- 
s i d e r a t i o n s  included r e l i a b i l i t y  and development r i s k  f a c t o r s .  
On t h i s  basis, three conf igura t ions  of sensor  systems were 
s e l e c t e d .  Each was selected t o  c o n s i s t  of two independent 
subsystems a c t i n g  i n  p a r a l l e l ;  i . e . ,  each candidate  system 
comprises two senso r  subsystems. For convenience sake, these 
subsystems are i d e n t i f i e d  as primary and secondary, a l though 
i n  r e a l i t y ,  they a c t  i n  paral le l .  The three candidate  systems 
are as fo l lows:  

Candidate 
System Number Primary Subsystem Secondary Subsystem 

1 Accelerat ion Base Pressure 
(Feas ib le  System N )  (Feasible System R )  

2 Base Pressure To Base Pressure 
Accelerat ion R a t i o  (Feasible System R )  
(Feasible  System J )  

3 Accelerat ion Function Base Pressure  
(Feasible System 0)  (Feasible System R )  

It may be noted that  each candida te  s y s t e m  uses  the same 
two types of p r ime  sensors:  an  accelerometer  and a base 
pressure  sensor .  

A t  t h i s  po in t  i n  t h e  study, the s p e c i f i e d  Mach number 
f o r  i n i t i a t i n g  parachute deployment w a s  r e s t r i c t e d  t o  the  one 
Mach number, Ms = 1.0. Also, it was decided that  a one-stage 
parachute  system could be assumed f o r  the remainder of the 
s tudy . 

The e r r o r  performances f o r  the candida te  systems are 
determined by analyzing the performances of the  f o u r  sub- 
systems. I n  the feasible systems s tudy,  these are Systems 
J, N, 0 and R as noted above. Following a n  explana t ion  of 



the approach used i n  the a n a l y s i s ,  the r e s u l t s  of the per -  
formance a n a l y s i s  and the r e s u l t s  of trade s t u d i e s  on the 
two types of p r i m e  senso r s  are presented.  

4.1 PERFORMANCE ANALYSIS APPROACH 

The performance a n a l y s i s  used i n  t h i s  phase of the 
s tudy expresses  the maximum a l t i t u d e  r educ t ion  due t o  the 
unce r t a in ty  i n  each of the independent v a r i a b l e s  a c t i n g  i n -  
d iv idua l ly .  These are u t i l i z e d  t o  estimate the maximum over- 
a l l  a l t i t u d e  r educ t ion  due t o  the u n c e r t a i n t y  i n  a l l  the i n -  
dependent v a r i a b l e s  a c t i n g  simultaneously.  

The Assumed F u n c t i o n a l i t s  

L e t  the i n i t i a t i o n  a l t i t u d e  due t o  the  opera t ion  of a 
senso r  system be referred t o  as the t r i g g e r  a l t i t u d e ,  hT. 
I n  t h i s  analysis, t h i s  t r i g g e r  a l t i t u d e  i s  viewed as a 
f u n c t i o n  of e igh t  independent v a r i a b l e s  as fol lows:  

where, i n  a d d i t i o n  t o  the symbol meanings g i v e n  i n  Table 2, 
the symbols Atm,  cpb and Env are used t o  r e p r e s e n t  atmos- 
phere model, base pressure  c o e f f i c i e n t  and environmental 
e f f e c t s  r e spec t ive ly .  

Equation (1) s t a t e s  that the t r i gge r  a l t i t u d e  i s  a f u n c t i o n  
of eight independent v a r i a b l e s  : atmosphere model, e n t r y  ve lo-  
c i t y ,  e t c .  Assuming that  t h i s  f u n c t i o n a l i t y  i s  " w e l l  behaved", 
Eq. (1) can be w r i t t e n  as a Taylor expansion about  a n  a l t i t u d e  
ho as fol lows:  

AYE 
ahT 'VE 3- - ahT 
bYE 

A A t m  + - - &T 
h~ - ho + Z m  aVE 

3- bhT - haE 4- ahT - APE -I- - OhT AXE 
aE OPE ax, 

ahT AEnv 3- . . . "pb + dEnv 
ahT 

+ bCPb 
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The a l t i t u d e  ho is  the a l t i t u d e  a t  the M = 1.0  
poin t  i n  the t r a j e c t o r y  produced by a p a r t i c i i l a r  set of 
va lues  f o r  t h e  independent va r i ab le s ;  say,  Atmo, VEO, 
etc.  This a l t i t u d e  is  r e f e r r e d  t o  as the "nul l  a l t i t u d e . "  
The delta ( A )  q u a n t i t i e s  represent  the v a r i a t i o n s  i n  the 
independent v a r i a b l e s  from the s p e c i f i e d  values;  e.g. ,  
AVE = VE - VEO. 
order  terms i n  the Taylor expansion which are neglected i n  the 
a n a l y s i s  . 

The three  d o t s  r ep resen t  second and higher 

3 It may be observed that  some of  the q u a n t i t i e s  appea r i  
i n  Eq. (2)  have a r a t h e r  problematical  meaning; e.g., ahT/ Atm.  
This problem is  circumvented i n  the a n a l y s i s  by always working 
w i t h  the products  of t he  p a r t i a l  d e r i v a t i v e s  and the  a s soc ia t ed  
A-quant i t ies ;  e.g., ( dhT/ a A t m )  AAtm.  C l e a r l y ,  these  pro- 
d u c t s  ( a l t i t ude -unce r t a in ty  components) can have s ign i f i cance .  
They are the a l t i t u d e  changes r e s u l t i n g  f r o m  changes i n  the  
independent va r i ab le s .  U n l e s s  another  meaning i s  s p e c i f i c a l l y  
ind ica t ed ,  the phrase "a l t i tude-uncer ta in ty  component" i s  de- 
f i n e d  t o  mean the  maximum change from t h e  n u l l  a l t i t u d e  due t o  
the p a r t i c u l a r  independent v a r i a b l e  involved. 

The Procedure 

as 

1. 

2 .  

3 .  

The procedure used i n  t he  analysis of each subsystem i s  
fol lows : 

The opera t ion  of each subsystem i s  def ined e x p l i c i t l y .  
A t  t h i s  stage i n  the  study, it i s  impossible  t o  make 
a n  exac t ly  c o r r e c t  d e f i n i t i o n .  T h i s  w i l l  become pos- 
s ib le  only  when the  combination of t he  independent 
v a r i a b l e s  that produces the most adverse e f f e c t  i s  
known. Therefore,  f o r  the sake of being e x p l i c i t ,  
t he  most c o r r e c t  d e f i n i t i o n  f o r  the e i g h t  corner  runs 
is  used. 

The t r igger  a l t i t u d e s  f o r  c e r t a i n  of the 18 runs 
l i s ted  i n  Table 1 a r e  determined. 

The a l t i t ude -unce r t a in ty  components due t o  the atmos- 
phere, e n t r y  ve loc i ty  and e n t r y  f l i g h t  path angle 
u n c e r t a i n t i e s  are determined. Table 9 summarizes 
t h e  r e l a t i o n s  used i n  th i s  computation. 
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TABLE 9, EQUATIONS USED TO COMPUTE THE 
FIRST THREE ALTITUDE-UNCERTAINTY COMPONENTS 

b - av  - h 

h - h H I  - 

h - h-20 - 

NOTE: The 

A A t m  

(sum over  a l l  8 corner  runs )  

(Sum over t h e  4 corner  runs f o r  
which the atmosphere i s  W-8) 

(Sum over the 4 corner  runs 
f o r  which VE = 16,000 f t / s e c )  

(Sum over the 4 corner  runs f o r  
Which YE = -20 deg) 

- h  av 

term "corner  runs" r e f e r s  t o  the eight t r a j e c t o r y  
runs that a r e  s o  named i n  Table 1. 
t o  t h e  e ight  p o s s i b l e  th ree - tup le s  composed of t h e  
atmosphere, en t ry  v e l o c i t y  and f l i  h t  path an  l e  

These runs-correspond 

extremes spec i f i ed  i n  the  f i n a l  c o  !f umn of Tab !f e 2. 
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4. The a l t i t u d e - u n c e r t a i n t y  components a s soc ia t ed  
with the e n t r y  angle  of a t t a c k ,  the e n t r y  r o l l i n g  
ve loc i ty ,  the  e n t r y  azimuth angle, the base pres- 
s u r e  c o e f f i c i e n t  and the operat ional-environmental  
e f f e c t s  are computed. The equat ions used i n  t h i s  
computation are shown i n  Table 10. A s  noted i n  
t h i s  table, these  equat ions are f o r  computing low 
a l t i t u d e  u n c e r t a i n t i e s  only. 

5. F ina l ly ,  the n u l l  a l t i t u d e  i s  computed. The 
l a t i o n  used t o  make t h i s  computation i s  

4.2 SUBSYSTEM DEFINITIONS 

AEnv 

re- 

( 3 )  

The f o u r  subsystems u t i l i z e d  i n  t h e  vL;ree Cand date 
Systems are def ined i n  t h i s  subsect ion.  I n  add i t ion ,  a n  
ideal, M = 1.0 system is def ined.  

4.2.1 ACCELERATION SUBSYSTEM 

The opera t iona l  sequence f o r  th i s  system is  as fol lows:  

1. The a x i a l  a c c e l e r a t i o n  a ' x  i s  sensed by a n  acce lerometer  
i n  the l ande r  vehic le  during en t ry .  

2. When the acce le ra t ion  l e v e l  exceeds a preset l e v e l ,  the 
t r igger  c i r c u i t  i s  armed. 

3 .  The t r i g g e r  pulse  i s  genera ted  when t h e  a c c e l e r a t i o n  
l e v e l  fa l ls  below a second p r e s e t  l e v e l .  

Only t h e  second preset l e v e l  i s  c r i t i c a l  w i t h  r e s p e c t  
t o  the t r igger  event .  This a c c e l e r a t i o n  l e v e l  i s  s e l e c t e d  t o  
be the sma l l e s t  value of sensed a c c e l e r a t i o n  i n  the e ight  corner  
runs when the l ande r  veh ic l e  Mach number M = 1.0. T h i s  occurs  
on Run 77 when t h e  a x i a l  a c c e l e r a t i o n  a ' X  = 15.11 f t / s ec2 .  
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TABLE 10, EQUATIONS USED TO COMPUTE THE REMAINING 
FIVE ALTITUDE-UNCERTAINTY COMPONENTS 

1 
F(% Run 75 

L( h 2 T Run 20 

1 
p ( h T  Run 71 

hT Run 76 1 

hT Run 41 1 

hT Run 80 1 

1 1 - h43 2% 2- A s n v  = u(h-8 
M a x  + Max - 
Environ - 
mental mental  
e r r o r s  e r r o r s  

Env i ron  - 

NOTE: Equations i n  t h i s  table are f o r  computing 
low a l t i t u d e  u n c e r t a i n t i e s  only.  Equations 
used f o r  computing high a l t i t u d e  u n c e r t a i n t i e s  
a r e  given i n  Table  19. 
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It may be noted that  the  
pre.cedi_n_e; d e s c r i p t i o n  s p e c i f i e s  
measurement of t he  a x i a l  acce l -  
e r a t i o n  i n s t e a d  of t h e  t o t a l  
acce le ra t ion .  This i s  because 
the two are e s s e n t i a l l y  equal 
f o r  the range of t o t a l  angle  of 
a t t a c k  occurr ing a t  o r  near  
M = 1.0. Figure  10 w a s  pre-  
pared w i t h  the a i d  of the  lander  
veh ic l e  c h a r a c t e r i s t i c s  shown 
i n  Figures  3 and 4. Figure 1 0  
shows the percent  e r r o r  of t h e  
a x i a l ,  sensed acce le ra t ion ,  com- 
pared t o  t h e  t o t a l  angle of a t -  
tack.  For a n  angle  of a t t a c k  of 
12  deg ( the  h ighes t  value i n  any 
of t h e  e i g h t  corner  runs )  the 
e r r o r  amounts t o  0.2%. 

"QTU ANGLE OF ATTACK ?, D E  

FIG. 10, ERROR I N  AXIAL 
ACCELEROMETER VERSUS 
TOTAL ANGLE OF ATTACK 

4.2.2 BASE PRESSURE SUBSYSTEM 

The opera t iona l  sequence f o r  t h i s  system is  as follows: 

1. The base p r e s s u r e  Pb i s  sensed by a pressure  
t ransducer  i n  the lander  veh ic l e  during en t ry .  

2. The trigger pulse  i s  generated when the base 
pressure  rises above a preset value.  

The p r e s e t  value i s  se l ec t ed  t o  be the h ighes t  value 
of base pressure i n  the  e ight  corner  runs when the  l ande r  
veh ic l e  Mach number M = 1.0. This occurs on Run 70 when 
the ambient pressure PO = 6.40 lb / f t2 .  Figure 6 shows 
the maximum value a t  M = 1.0 f o r  the r a t i o  of base pres-  
su re  t o  ambient pressure (Pb/Po),ax = 0.89. The preset 
va lue  f o r  t he  base pressure i s  t h e r e f o r e  
5.69 lb / f t2 .  

i n s i d e  of the l ande r  vehic le  should be vented t o  the  ou t s ide  
through p o r t s  i n  the  base of the vehic le .  
i n t e r n a l  pressure  would be made equal t o  the average pres-  
s u r e  a c t i n g  on the base of t h e  veh ic l e  and the designer  would 
have complete freedom i n  choosing a l o c a t i o n  f o r  the pressure  
sensor .  It i s  est imated that e i g h t  1- inch  holes  d i s t r i b u t e d  
over the base of the  lander  veh ic l e  would be enough t o  a s s u r e  
that  the  pressure  e r r o r  due t o  lag i s  l e s s  than 0.2%. 

Pbp = 0.89 x 6.40 = 

I n  the Feasible Systems Study, it w a s  suggested that  t h e  

I n  t h i s  way, the 

41 



< -  

4.2.3 BASE PRESSURE TO ACCELERATION RATIO SUBSYSTEM 

The opera t iona l  sequence f o r  t h i s  system i s  as 
fol lows : 

1. The base pressure  Pb and t h e  a x i a l  a c c e l e r a t i o n  
a ' x  a r e  sensed w i t h  app ropr i a t e  sensors  i n  the 
l a n d e r  veh ic l e  during en t ry .  

2. The r a t i o  of base pressure  t o  a x i a l  a c c e l e r a t i o n  
Pb/alx is  computed. 

3. The t r i g g e r  pu lse  i s  generated when t h i s  r a t i o  rises 
above a preset value.  

The p rese t  value i s  computed w i t h  the fol lowing 
equat ion : 

(P,/a ) p  = 21Tl(pb/po)/CDAyM2 (4  1 
S u b s t i t u t i n g  t h e  fol lowing va lues  i n t o  t h i s  equat ion,  

m = 31.677 s l u g s  (1020 l b  f o r  g = 32.2 f t / s e c  2 ) 

cD 

(pb/po)' 0.89 (from upper curve i n  Figure 6b) 
- - 1.25 (from Figure 3, 'q = 0)  

A = 113.1 f t 2  (veh ic l e  diameter D = 1 2  f t )  
Y - - 1.37 (model atmosphere VM-8) 
M - - 1 . 0  ( the  s p e c i f i e d  i n i t i a t i o n  cond i t ion )  

g i v e s  the following preset ( t r i gge r )  value:  

( P b / a t ) p  = 0.29 lb-sec  2 3  /ft . 
4.2.4 ACCELERATION FUNCTION SUBSYSTEM 

The opera t iona l  sequence f o r  t h i s  system is  as fo l lows:  

1. The a x i a l  a c c e l e r a t i o n  a f X  i s  sensed by a n  accelerometer  
i n  the l ande r  v e h i c l e  during en t ry .  

2. The maximum a c c e l e r a t i o n  value i s  recognized and used t o  
compute, w i t h  the  a i d  of a simple preset func t ion ,  a 
t r igger  va lue  of the a c c e l e r a t i o n .  

3. The t r i gge r  pulse  i s  generated when the a c c e l e r a t i o n  
l e v e l  f a l l s  below the  computed t r i g g e r  value.  
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Figure  11 presen t s  a p l o t  of a c c e l e r a t i o n  a t  M = 1.0  

ve r sus  maximum a c c e l e r a t i o n  f o r  the eight corner  runs.  
The l i n e  drawn through t h e  t w o  lowest  po in t s ,  Runs 57 and 77, 
i s  def ined  as the  tr igger func t ion  f o r  t h i s  system. A curved 
l i n e  could have been drawn through the three lowest data p o i n t s  
t o  give somewhat bet ter  pred ic t ions ,  bu t  t h i s  seems u n j u s t i f i -  
able a t  present .  

4-2.5 IDEAL M = 1.0 SYSTEM 

This system i s  def ined as one that  triggers a t  e x a c t l y  
M = 1.0. It should be r e a l i z e d  that al though t h i s  system 
i s  assumed t o  have no a l t i t u d e  u n c e r t a i n t y  a s soc ia t ed  w i t h  
being able t o  recognize when M = 1.0, it does have un- 
c e r t a i n t y  a s soc ia t ed  w i t h  the var ious  mission u n c e r t a i n t i e s  
such as the atmosphere, en t ry  ve loc i ty ,  e n t r y  path angle, e t c .  

4.3 MATRIX EQUATIOK DEFINED 

In  the previous subsection, f i v e  systems and subsystems 
are def ined .  These are summarized and i d e n t i f i e d  w i t h  the 
numbers 1 through 5 i n  Table  11, A l s o ,  e ight  independent 
v a r i a b l e s  are def ined.  These are a l s o  summarized and i d e n t i -  
f ied  w i t h  numbers 1 through 8 i n  Table 11, 

Let  the t r igger  a l t i t u d e  f o r  each s y s t e d s u b s y s t e m  be 
denoted by h T i  where i i s  the system/subsystem number. 
Likewise, l e t  the a l t i t u d e  about  which the Taylor expansion 
i s  presumed t o  be made be designated by hoi.  Fur ther ,  
l e t  these be used t o  form two 5 x 1 column vec to r s  desig- 
nated by HT and go respec t ive ly .  F i n a l l y ,  l e t  t h e  e igh t  
independent v a r i a b l e s  be des igna ted  by a n  8 x 1 column 
v e c t o r  g. It fol lows t h a t  the f i v e  Taylor expansion 
equat ions  f o r  the f i v e  systems and subsystems can be w r i t t e n  
i n  very compact form as  

= H -k ( b H / d K )  K - % -0 

where 

4.4 PERFORMANCE ANALYSIS RESULTS 

(dK/dK) i s  a 5 x 8 matrix of partial  d e r i v a t i v e s .  

I -  

The ana lyses  of the systems descr ibed  i n  Subsect ion 4.2 
were c a r r i e d  out  i n  t h e  fash ion  ou t l ined  i n  Subsect ion 4.1 
The r e s u l t s  are shown i n  Table 1 2  i n  terms of HO and 
(6H/bK)X. Also shown i n  Table 1 2  a r e  Hmin and-the a s s o c i a t e d  
va lues  of a l t i t u d e  reduct ion  def ined  a s  the d i f f e r e n c e  between 
hmin f o r  the Ideal M = 1.0 System and hmin. F i n a l l y ,  the  
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l a s t  column shows the corresponding va lues  of a l t i t u d e  
r e d u c t i o n  for the most; c r f t i c a i  Fiii (Eun 57) thzt  occurred 
i n  the Feasible Systems Study. The va lues  of the eight  
independent variables that y i e l d  the null a l t i t u d e  and the 
minimum a l t i t u d e  are shown i n  Table 13. 

It may be not iced  that minimum a l t i t u d e s  of from 200 
t o  13,600 feet are predic ted  f o r  the f i v e  systems shown i n  
Table 12. These m i n i m u m  a l t i t u d e s ,  it should be emphasized, 
are p red ic t ed  on the basis of l i n e a r  mathematical models 
f o r  the var ious  systems. Not only are these systems non- 
l i n e a r ,  a t  least w i t h  r e spec t  t o  the eight  independent v a r i -  
ables, b u t  i n  most ca ses  i t  i s  necessary t o  eva lua te  the 
a l t i t u d e - u n c e r t a i n t y  components a t  f l i g h t  cond i t ions  f a r  
d i f f e r e n t  than  the  m i n i m u m  a l t i t u d e  f l i g h t  condi t ion .  

Table 12 shows that t h e  Base Pressure  Subsystem has 
the smallest minimum a l t i t u d e  reduct ion ,  1600 feet, f o l -  
lowed i n  second p lace  by t h e  Base Pressure  t o  Acce lera t ion  
Subsystem, 5600 feet .  This sequence i s  the opposi te  of 
what was ind ica t ed  i n  the  Feasible Systems Study; see las t  
column i n  table. Also, this table shows the Accelera t ion  
k r n c t i o n  Subsystem and the Accelera t ion  Subsystem t o  rank 
t h i r d  and f o u r t h  p lace  r e s p e c t i v e l y  w i t h  r educ t ions  of 9900 
and 13,400 feet  r e spec t ive ly .  

The l a r g e s t  single a l t i t u d e  u n c e r t a i n t y  component i s  
c l e a r l y  a s soc ia t ed  w i t h  t he  atmosphere unce r t a in ty .  
next  largest  component depends on the system. For the Ac- 
c e l e r a t i o n  Subsystem, the Base Pressure  Subsystem and the 
Accelera t ion  Function Subsystem, it i s  the component as- 
s o c i a t e d  w i t h  environmental e f f e c t s .  For the Base Pressure  
t o  Acce lera t ion  Ra t io  Subsystem, it i s  the component a s s o c i -  
ated w i t h  the e n t r y  f l i g h t  pa th  angle .  In  a l l  cases ,  
the unce r t a in ty  components a s s o c i a t e d  w i t h  the  e n t r y  angle 
of a t t a c k  and the e n t r y  azimuth angle are r e l a t i v e l y  small. 

The 

4.5 PRIME SENSOR TRADE STUDIES 

Trade s t u d i e s  were conducted t o  establish the a v a i l a -  
b i l i t y  and s u i t a b i l i t y  of pressure  t r ansduce r s  and acce le ro -  
meters f o r  a p p l i c a t i o n  i n  the Candidate Systems. The r e s u l t s  
of these trade s t u d i e s  are presented i n  t h i s  subsec t ion .  
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4.5.1 ACCELEROMETER3 

The r e s u l t s  of a t r a d e  study on accelerometers  are 
summarized i n  Table 14. Shown i n  t h i s  table are repre- 
s e n t a t i v e  performance s p e c i f i c a t i o n s  f o r  s i x  d i f f e r e n t  
types  of accelerometers .  These accelerometer  types  are 
i d e n t i f i e d  as ( a )  P i e z o e l e c t r i c ,  ( b )  Hydraulic-Servo, 
( c )  Quartz ,  Photo Diode and L i g h t  Source, ( d )  Can t i l eve r  
Seismic Nass, ( e )  S t r a i n  Gauge and ( f )  Force Balance 
E l e c t r o n i c  Servo. 

A prel iminary appraisal of the accelerometer  types  
shown i n  Table 1 4  i n d i c a t e s  t h a t  a l l  bu t  one are s u i t e d  t o  
the a p p l i c a t i o n  b e i n g  considered. This i s  the p i e z o e l e c t r i c  
type.  A p i e z o e l e c t r i c  accelerometer  i s  more s u i t e d  t o  
measuring a r a p i d l y  changing, t r a n s i e n t  phenomena. O f  the 
f i v e  remaining types,  the s t r a i n  gauge accelerometer  has the 
most a t t r a c t i v e  combination of c h a r a c t e r i s t i c s .  It has fewer 
parts and i s  s i m p l e r ;  i n  addi t ion ,  it i s  be l ieved  t o  be more 
re l iable .  Some of the  o t h e r  u n i t s  can provide greater a c -  
curacy, but  the accuracy available w i t h  a s t r a i n  gauge ac -  
celerometer  i s  be l ieved  t o  be adequate.  

The accuracy of the s t r a i n  gauge accelerometer  i s  ap- 
proximately 1.G of f u l l  s c a l e  and should t h e r e f o r e  n o t  
exceed 2% i n  the  planned app l i ca t ion .  The weight of a u n i t  
w i t h  a n  output of 0 t o  5 V  (with a n  output  impedance of 2000 
ohms) i s  approximately 4.0 oz. T h i s  type of t r ansduce r  
t y p i c a l l y  opera tes  w i t h  a 28 + - 2 V power supply.  

4.5.2 PRESSURE TRANSDUCERS 

Table 15 summarizes the pressure  t ransducers  i nves t iga t ed .  
Five b a s i c a l l y  d i f f e r e n t  types of sensors  are shown i n  t h i s  
table. These are i d e n t i f i e d  a s  (a) Capacitive,  ( b )  S t r a i n  
Gauge, ( c )  Thermoconductive, ( d )  P i e z o e l e c t r i c  and (e )  Bourdon 
Tube - Bellows - Diaphram type p res su re  t r ansduce r s .  A s  noted 
i n  the table,  the l a t t e r  two types  are unsui ted  f o r  the a p -  
p l i c a t i o n  here under cons ide ra t ion .  

The t h i r d  t r ansduce r  shown i n  Table I5 i s  a gas thermo- 
conduc t iv i ty  measuring device.  T h i s  device is small, l i g h t  
weight and p o t e n t i a l l y  q u i t e  re l iable .  However, i t  i s  s e n s i -  
t i v e  t o  gas composition and can not  be considered feasible  
a t  t h i s  time. 
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The second t ransducer  i n  Table 15 employs unbonded 
s t r a i n  gauges as the sensing elements. It i s  rather we l l  
s u i t e d  t o  the a p p l i c a t i o n  being considered i n  a l l  r e s p e c t s  
except one. T h i s  i s  the overpressure l i m i t a t i o n .  A s  noted 
i n  the table, the maximum overpressure rating i s  100% of 
f u l l  s c a l e .  For a pressure  t ransducer  w i t h  a f u l l  s c a l e  
range of 0.05 PSIA, t h i s  i s  a maximum overpressure of only 
0.5 P S I ,  T h i s  l i m i t a t i o n  i s  t o o  severe  f o r  the p resen t  
app l i ca t ion .  

The s e l e c t e d  pressure  senso r  i s  the f i r s t  t ransducer  
shown i n  Table 15. T h i s  i s  a c a p a c i t i v e  t ransducer ,  and i t  
employs a f la t  diaphram spaced midway between the two f l a t  
condenser plates .  One s ide  of the diaphram i s  heremet ica l ly  
sea l ed  a t  e s s e n t i a l l y  zero  abso lu te  pressure .  The o t h e r  
s ide  i s  connected t o  the l ande r  v e h i c l e  i n t e r i o r  compartment 
( o r  o t h e r  r eg ion  as r e q u i r e d ) .  A p r e l i m i n a r y  i n v e s t i g a t i o n  
of t h i s  u n i t  Ind ica ted  that the pre-opera t iona l  environment 
spec i f i ed  i n  Table 3 would not  have an  adverse e f f e c t  on 
t h i s  t ransducer .  Also, the u n i t  appears t o  be w e l l  s u i t e d  
f o r  funct ioning i n  t h e  ope ra t iona l  environment spec i f  i e d  i n  
t h i s  same table.  

4 .6  CANDIDATE SYSTEMS RANKING 

An eva lua t ion  mat r ix  was used i n  order  t o  es tabl ish 
a r a t i o n a l  means f o r  ranking the t h r e e  Candidate Systems.  
Three primary eva lua t ion  c r i t e r i a  were used f o r  t h i s  pur- 
pose: Performance, R e l i a b i l i t y  and Development R i s k .  These 
c r i t e r i a  were broken down i n t o  subitems and weighting f a c t o r s  
were u t i l i z e d .  Whereas performance and r e l i a b i l i t y  were 
assigned approximately equal weighting, development r i s k  was 
apportioned about half as much weighting. O f  a l l  the f a c t o r s  
considered, a l t i t u d e  d i s p e r s i o n  - -  a subitem of the performance 
c r i t e r i a  -- was given  the  largest weighting f a c t o r .  

The r e s u l t s  of the eva lua t ion  a n a l y s i s  are presented i n  
Table 16. T h i s  table shows that the sco res  f o r  the three 
systems are extremely c l o s e .  Candidate System No. 2, which 
scored 318 m e r i t  po in t s ,  i s  followed by Candidate System No. 1 
w i t h  314 m e r i t  p o i n t s  and Candidate System No. 3 w i t h  313 
merit po in ts .  I n  t h i s  regard,  it should be real ized hiat  the 
t h r e e  s y s t e m s  are very similar; namely, t h e i r  secondary sub- 
systems are i d e n t i c a l  and t h e i r  primary subsystems a l l  use 
a n  accelerometer.  
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TAELE 16, EVALUATION MATRIX FOR THE CANDIDATE SYSTEMS 

CANDIDATE SYSTEM 

No. 2 EVALUATION FACTOR No. 3 

313 
108 
-- 

::I 10 10 - 

132 

-.No. 1 

314 
100 

TOTAL MERIT POINTS 

A. PERFORMANCE I SUBTOTAL 
I 

1. Alt i tude 
Dispersion 

2. System Weight 

3. Power Demand 

4. Total  Mission 
V e r s i t i l i t y  

4 

10 

10 

10  

40 

30 

20 

10 

100 

24 

18 

8 

10 

8 

9 
8 

10 

3 
2 

1 

B. REXIABILITY f SUBTOTAL 

1. Functional 5 
Simp1 i c  i t y  

2. Degree of Redundancy 4 

3. Fa i lu re  R a t e  3 

4. Environment S u i t a b i l i t y  2 

2. Component Avai lab i l i ty  

3. Mission Compatability 

4. System Concept S ta tus  

105 

45 

40 

27 

20 
. 

35 

28 

24 

18 

9 

10 

9 

10 
___- 

l o  

10 

10 

10 

7 

7 

8 

9 

40 

30 

20 

74 3-; 20 
i 
I 3 O  

10 

8 

20 

16 

8 1 8  

WEIGHTING FACTOR 
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An inspec t ion  of Table 16 shows that  the performance 
score  f o r  Candidate System System No. 2 i s  s i g n i f i c a n t l y  
higher  than  f o r  the o t h e r  two systems. T h i s  i s  a r e f l e c t i o n  
of the f a c t  that t h i s  sys tem does i n  f a c t  measure Mach number 
in s t ead  of an  i n d i c a t i o n  of Mach number. An oppos i te  e f f e c t  
i s  shown by the r e l i a b i l i t y  s co re .  I n  the Degree of Redundancy 
subitem, the low grade f o r  Candidate System No. 2 r e s u l t s  from 
a cons ide ra t ion  that ,  i f  a cond i t ion  could e x i s t  that  would 
c r e a t e  a f a i l u r e  i n  one of the p res su re  t ransducers ,  a f a i l u r e  
i n  the o t h e r  pressure  t ransducer  might a l s o  be induced. I n  
addi t ion ,  t h e  s t a t e - o f - t h e - a r t  of components f o r  long space 
s to rage  and subsequent ope ra t ion  i s  considered less  advanced 
f o r  pressure  t ransducer  systems than  f o r  accelerometer  systems.  
This  i s  r e f l e c t e d  i n  the s c o r e s  f o r  the f a i l u r e  rate and a v a i l -  
a b i l i t y  subitems. 

Based p r i m a r i l y  on the above cons ide ra t ions ,  Candidate 
System No. 2 was s e l e c t e d  f o r  f u r t h e r  ana lys i s  i n  Phase 3 of 
the s t u d y .  I n  a d d i t i o n  t o  the above cons ide ra t ions ,  i t  could 
be pointed out that t h i s  system has almost a l l  t h e  components 
t ha t  a r e  used i n  the o t h e r  two candida te  systems. Thus, much 
of the detai led information genera ted  i n  the f ina l  s tudy phase 
would be a p p l i c a b l e  i f  a change were made t o  one of' t he  o t h e r  
two candidate  systems a t  some f u t u r e  t i m e .  
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- 5 , 0  FINAL SYSTEM STUDY (PHASE 3) 

The Final System features a primary subsystem and a 
secondary subsystem acting in parallel. The primary sub- 
system is also referred to as the Base Pressure to Accel- 
eration Ratio Subsystem, and the secondary subsystem is 
also referred to as the Base Pressure Subsystem. In the 
Feasible Systems Study, these subsystems are referred to 
as System J and System R. In the Candidate Systems Study, 
this configuration of subsystems is System No. 2. 

5.1 PERFORMANCE ANALYSIS 

Two changes in the asslmptions used in the Candidate 
Systems Study are made. First, the environmental uncer- 
tainties are changed to be + 10.6% for the Base Pressure 
to Acceleration Ratio Subsyztem and + 5.5% for the Base 
Pressure Subsystem. 
for these error values is presented in Section 5.2.4, 
Second, the preset value of the base pressure used in the 
Secondary Subsystem is slightly changed. Otherwise, the 
subsystem descriptions presented in Section 4.0 still apply 
insofar as this performance analysis is concerned. 

A detailed explanation giving the basis 

5.1.1 PERFORMANCE ANALYSIS APPROACH 

The approach used in the performance analysis is the 
same as that used in the Candidate Systems Study with cer- 
tain improvements. Two additional independent variables 
are now considered. Interpolation procedures are used 
with the computer generated tables in order t o  improve the 
accuracy of the computations. Finally, an improved equation 
is used t o  compute the null altitude ho. 

The ten independent variables used in this analysis are 
independent in the way they appear in the trigger altitude 
equation, 

The quantities Wind and CD are the two additional vari- 
ables standing for maximum wind profile and lander vehicle 
drag coefficient. The ten independent variables and their 
ranges are listed in Table 17. 
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TABLE 17, SUMMARY OF THE TEN INDEPENDENT VARIABLES 

CONSIDERED I N  THE FINALY SYSTEM STUDY 

Independent Variables  
(Vec t o r  K ) 

1. 

2 .  

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

A t m  

VE 

E U 

pE 

xE 

'Pb 

Env 

Wind 

cD 

Assumed Limit ing Values 

VM-3 to VM-8 

12,500 t o  16,000 

-14 t o  -20 deg 

-105 t o  +lo5 deg 

-1 t o  +1 rad/sec 

-90 t o  +gO deg 

f t / s e c  

Same as Candidate Systems 
Study; see Figure  6. 

= 0.894 (Pb/a')IND 

1.106 (Pb/ar)IND 

L 

See S e c t i o n  2 .3  

See S e c t i o n  2 . 2  

to 
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The Taylor expansion for t n e  t r i g g e r  a l t i t u d e  i t i  
terms of the t e n  independent v a r i a b l e s ,  d i s r ega rd ing  
terms of second o rde r  and higher, i s  

AaE 
bhT bhT bhT 

"E + m(E 
BhT 

hT = ho + m m  AAtm + AVE 

The Primary and Secondary Subsystems 

The s teps  taken i n  computing the performance or' 
each subsystem inc lude  those descr ibed  i n  Sec t ion  4.0 w i t h  
c e r t a i n  a d d i t i o n s  and modi f ica t ions .  These are i temized 
as fo l lows:  

1) The low a l t i t u d e - u n c e r t a i n t y  components a s s o c i a t e d  
w i t h  the  maximum wind prof ' i le  and drag coe fP ic i en t  
effects  are computed w i t h  the  equat ions shown i n  
Table  18. 

2 )  The high a l t i t u d e - u n c e r t a i n t y  components a s soc ia t ed  
w i t h  the  e n t r y  angle of a t t a c k ,  the e n t r y  r o l l i n g  
v e l o c i t y ,  e n t r y  azimuth angle, the  base pressure  
c o e f f i c i e n t ,  t h e  o p e r a t i o n a l  environmental e f f e c t s ,  
the wind and t h e  drag c o e f f i c i e n t  are computed. 
The equat ions used i n  t h i s  computation are shown 
i n  Table  19. 

used t o  make th i s  comr>utation are 
3) The n u l l  a l t i t u d e  i s  computed. The r e l a t i o n s  
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TABLE 18, EQUATIONS FOR COMPUTING TWO ADDITIONAL 
L O W  ALTITUDE-UNCERTAINTY COMPONENTS 

TABLE 19, EQUATIONS FOR COMPUTING SEVEN H I G H  
ALTITUDE-UNCERTAINTY COMPONENTS 

- h-3 1 
Max + Max-  
Env iron - Environ- 
mental mental 
errors 

AhT 

Run 60 
"D = $ - %  Run 85 



represents a substantial improvement 
over Equation Equation 171 3 used in the Candidate Systems Study. 
The equation used previously yields overly conservative 
results. The reason a different equation is required for 
each altitude range is due t o  the fact that X E = +goo 
is associated with both the minimum altitude entry tra- 
jectory and the maximum altitude entry trajectory. 

The computations for the Final System performance 

These values are dgrived 

analyses are done using approximate values for the pre- 

the base pressure 
on the basis of runs and are as follows: 

set base pressure ratio (Pb/af) and 

(Pb/af)p = 0.29 PSFA/FPSS 

(pb)P = 5.55 PSFA 
In addition to the altitude-uncertainty components 

and the null altitude ho, certain secondary computa- 
tional results are presented. The quantities computed 
and the equations used to make these computations are 
presented in Table 20. 

The Ideal M = 1.0 System 

The Ideal M = 1.0 System's performance is included in order 
to provide a basis for evaluating the performance of the 
Final System's two subsystems. Equations (6) and (7) are 
also used in computing hT and ho for this system. It 
should be realized that for this system, the trigger alti- 
tude % is the altitude a t  which M = 1.0. 

5.1.2 FINAL SYSTEM PERFORMANCE ANALYSIS RESULTS 

The results of the performance computations for the 
low altitude range and for the high altitude range are 
presented in Tables 21 and 22. A comparison of these tables 
with the corresponding table in the Candidate Systems Study, 
Table 12, indicates that a substantial improvement in 
accuracy is effected by using interpolation procedures. 
Also, it is seen that the two added uncertainty components 
are quite important. The wind-uncertainty component is, 
in fact, second in size after the atmosphere-uncertainty 
component. 
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TABLE 20, EQUATIONS F O R  T H E  SECONDARY COMPUTATIONS 
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f i n a l  f o u r  columns i n  Tables 21 and 22 con ta in  the 
most i n t e r e s t i n g  performance r e s u l t s .  These r e s u l t s  are 
organized i n  diagram form i n  Figure 12. This f igure shows, 
i n  a schematic way, the minimum, n u l l  and m a x i m u m  t r igger  
a l t i t u d e s  f o r  the Primary and Secondary Subsystems toge the r  
w i th  the  corresponding a l t i t u d e s  f o r  t he  Ideal M = 1.0 
System. Two minimum a l t i t u d e s  and t w o  m a x i m u m  a l t i t u d e s  
are shown f o r  each system. These two a l t i t u d e s  a t  each 
extreme are due to the base pressure and environmental 
u n c e r t a i n t i e s .  The two minimum a l t i t u d e s  are c a l l e d  the 
minimum min and m a x i m u m  m i n  i n  t h i s  d i scuss ion .  Likewise, 
t he  two maximum a l t i t u d e s  a r e  cal led minimum m a x  and maxi- 
mum m a x .  The va lues  of t he  independent variables co r re s -  
ponding t o  each of these a l t i t u d e s  is  shown i n  Table 23. 

min tr igger a l t i t u d e s  f o r  both the P r i m a r y  and Secondary 
Subsystems are above the M = 1.0 a l t i t u d e .  Also, the 
m a x i m u m  m a x  a l t i t u d e  for t h e  Primary Subsystem i s  above 
the M = 1.0 a l t i t u d e .  This means t ha t  these subsystems, 
as they  are s p e c i f i e d  w i t h  the preset va lues  g iven  on 
Page 59, may tr igger  at  t o o  high a n  a l t i t u d e .  I n  o t h e r  
words, they may trigger at  a Mach number greater than  1.0. 
This is  due s%mply t o  the f a c t  that  the preset va lues  have 
n o t  been proper ly  chosen. Future  a n a l y s i s  can develop 
improved preset va lues  on the basis of the computational 
r e s u l t s  presented h e r e i n .  Thus, i t  should be r e a l i z e d  
that the parenthes ized  numbers i n  these tables are s u b j e c t  
t o  change. Future ana lys i s  can, i n  add i t ion ,  use  the 
improved approach developed i n  t h i s  phase of the s tudy  t o  
update the  a n a l y s i s  r e s u l t s  of  the previous s tudy  phase. 

Figure 12 ( o r  Tables 2 1  and 22)  shows that  the m a x i m u m  

The  Extreme Cases 

The las t  f o u r  runs ind ica t ed  i n  Table 1 are referred 
t o  as t h e  extreme cases .  These are Runs 94 - 97. They were 
made a v a i l a b l e  f o r  the e x p l i c i t  purpose of checking the 
accuracy of the performance results developed i n  the s tudy .  

Ideal M = 1.0 System and each of the F i n a l  System's two 
subsystems. Also shown i n  t h i s  table  are the a l t i t u d e s  
p red ic t ed  by Equation (6 )  with the va lues  g iven  i n  T a b l e s  
2 1  and 22 (assuming no base p re s su re  o r  environmental e r r o r s ) .  
Reasonably good agreement is  indica ted ;  the mean d e v i a t i o n  
i s  414 i't f o r  the 12 cases  shown i n  t h i s  t ab le .  

Table 24 summarizes the t r igger  a l t i t u d e  hT f o r  the  



. 
min max 
ITBX max HO min max 

min min 

TABLE 23, SUMMARY OF VALUES FOR INDEPENDENT VARIABLES 
G I V I N G  M I N I M U M ,  NULL AND MAXIMUM TRIGGER ALTITUDES 

. *  

.nd e pendent 
'ar iable ,  K 9 16,000 FPS 

Note ( a )  (1) A t m  VM- 8 VM-8 VM-3 

14,250 FPS 12,500 FPS 16,000 FPS 12,500 FPS 

I -14 deg -20 deg -17 deg -14 deg -20 deg 

i l O 5  deg - + l o5  deg t - 50 deg 0 0 

0 

+90 deg 

Note ( e )  

~ 

- +lrad/sec && rad/sec - + 1 rad/sec 0 

+ 90 deg + 90 deg 0 + 90 deg 

N o t e  ( b )  Note ( e )  I Note ( d )  Note ( b )  

----I Note (f) N o t e  ( e )  Note (f) I (8)  Env Note ( e )  No Erro r  

Note ( g )  Note ( g )  I ( 9 )  Wind Note (h) Note ( h )  

3% High 

No Wind 

3% Low I 3% Low 3% High No Er ro r  

Halfway between VM-3 and VM-8 
(Pb/Po) i s  lower curve i n  Figure 6b 
(Pb/Po) i s  upper curve i n  Figure 6t1 
(Pb/Po) i s  a mid-curve i n  Figure 6b 

Wind i s  toward the  E a s t ;  Vw = 220 FPS and hs = 

Wind i s  toward t h e  West; VW = 155 FPS and hs = 
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The material presented i n  t h i s  s e c t i o n  g ives  t h e  
e l e c t r i c a l  design detai ls  f o r  the F ina l  System. A method 
f o r  arming the Base Pressure t o  Acce lera t ion  Rat io  Subsystem 
is  explained.  C i r c u i t  diagrams are presented  and i n t e r -  
preted.  Er ror  analyses  a r e  made. A p a r t s  l i s t  is  given.  
A weight breakdown is  shown, and the t o t a l  system weight 
i s  est imated.  And f i n a l l y ,  a r e l i a b i l i t y  a n a l y s i s  i s  
presented.  

5.2 .1 INTRODUCTORY REMARKS 

The F i n a l  System i s  shown schemat ica l ly  i n  r e l a t i o n  
t o  o t h e r  lander  veh ic l e  components i n  Figure 13. The 
e l e c t r i c a l  i npu t s  a r e  shown t o  c o n s i s t  of a l i n e  Tram the  
lander  sequence c o n t r o l l e r  t o  each subsystem and a l i n e  
from the lander  power supply t o  each subsystem. The lander  
sequence c o n t r o l l e r  i s  assumed t o  a c t i v a t e  the system af te r  
the deorb i t  event  when the lander  veh ic l e  i s  i n  a state 
of "Tree f a l l . "  The lander  power supply i s  assumed t o  have 
n e g l i g i b l e  i n t e r n a l  impedance and to  provide t h r e e  d i r e c t  
cu r ren t  vo l tage  sources  of +28, +12 and -6 v o l t s .  

The outputs  from the two subsystems go t o  the opposi te  
sides of a dual  pyro br idge.  Each s i d e . o f  t h i s  dual  br idge  
i s  capable  of a c t u a t i n g  the  parachute  mortar  ( o r  o t h e r  decel-  
e r a t i o n  system component). The cu r ren t  (power) requi red  t o  
i n i t i a t e  one side of t h i s  dual br idge  i s  taken t o  have a value 
of 4.5 amperes (4.5 watts) .  The corresponding "no f i r e "  va lue  
f o r  each br idge i s  normally 1 .O ampere (1 .O w a t t ) .  

5.2.2 ARMING O F  THE PRIMARY SUBSYSTEM 

The reason the Base Pressure t o  Acce lera t ion  Subsystem 
must inc lude  an arming c i r c u i t  is  as fo l lows .  
to the d i f f e r e n t i a l  ampl i f ie r  are a vo l t age  propor t iona l  t o  
the base pressure and a vol tage equal  t o  0.29 t imes the 
acce le ra t ion ;  the output  i s  a vol tage  equal  t o  the ampl i f i e r  

When the two inpu t s  become 
equal,  their  
g a i n  times 

f i e r  i s  equal  t o  zero.  This occurs when t h e  f l i g h t  Mach 
number equals  1.0. A t  th i s  time, t he  base pressure  i s  
inc reas ing  and t h e  acce le ra t ion  i s  decreasing.  Thus, t he  
output  of the a m p l i f i e r  changes from a negat ive  value to 
a p o s i t i v e  value.  However, i t  i s  estimated that t h e  output  
of the ampl i f i e r  could d r i f t  by as much as 1/2 v o l t s  p o s i t i v e  

The inpu t s  

- 0.29 a t ) .  
f f e rence  i s  zero and the  output  of the ampli- 



(due most likely to a few millivolts of drift in one of 
the amplifier's two inputs). 
not produce a serious error if the flight Mach number was 
approaching 1.0. However, early in the trajectory when 
both the base pressure and the acceleration are essen- 
tially equal to zero, this amount of drift would cause 
the trigger pulse to be generated prematurely if there 
were no arming circuit. 

This amount of drift would 

The first arming method conceived used a peak accel- 
eration detecting circuit. The output from an accelero- 
meter was used to charge an R-C circuit that had a very 
small (short) charging time constant and a very large 
( long)  discharging time constant. 
rather flat trajectory such as Run 77, the maximum sensed 
acceleration is approximately 90 ft/sec2 and the rate of 
change of acceleration at this time is approximately 0. 
ft/sec3. The ratio of these two quantities, (90 ft/sec ) /  
(0 .3  ft/sec3) = 300 see. The discharge time constant re- 
quired in the peak detecting circuit must be several factors 
larger. Exactly how much larger depends on the sensitivity, 
gain and drift characteristics of the accelerometer and 
amplifier being used. If a one microfared capacitor is 
being used, an effective resistance in the R-C circuit of 
over 300 megohms is required. Although this level of 
resistance can be achieved by careful selection of the 
amplifier, blocking diode, and wiring; the internal leakage 
of the capacitor may itself present a limitation. Even the 
possibility of selecting a larger capacitor might not help 
because of the probability of an attendant larger internal 
leakage. 

For the case of a 

2 

Another problem inherent in the peak acceleration arming 
method should be mentioned. This problem is the fact that 
the peak acceleration may be almost two orders of magnitude 
larger than the acceleration level at which the specified 
flight condition occurs. Thus, it is implied that either 
(a) the accelerometer operate over both a low range and a 
high range, or (b) there be two accelerometers: one Tor low 
range operat2on and one for high range operation. The first 
alternative is not attractive because an accuracy loss in the 
low range is inevitable. The second alternative, while more 
feasible, introduces additional complexity. 

An alternative, simple arming method for the primary 
subsystem was evolved when it was realized that the peak 
acceleration arming circuit might not be satisfactory. This 
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method employs the output  from the base pressure  t ransducer  
and coiisists s L i ~ l y  of a circuit that recognizes when t h i s  
output  exceeds a p r e s e t  value.  This arming method i s  eas i ly  
mechanized and apparent ly  e n t i r e l y  s a t i s f a c t o r y  from the 
s t andpo in t  of re1 iab il i t y  . 
5.2.3 CSRCUIT OPERATION 

The c i r c u i t  diagram f o r  the F i n a l  System i s  presented  
i n  Figure 14, Its p r i n c i p l e  of ope ra t ion  i s  described below. 

The Primary Subsystem 

f o r  the primary subsystem, Base p res su re  t ransducer  MT1, 
d i f f e r e n t i a l  amplifier AR1, "and" gate G1, and the r e fe rence  
v o l t a g e  c i r c u i t  a t  the very  t o p  of the i'igure perform the 
arming func t ion .  Resis tance R1 and zener  diode CR1 of t h i s  
arming c i r c u i t  provide a p rec i s ion  vo l t age  of about 6 v o l t s .  
A zener  diode with t h i s  vo l tage  rating i s  chosen due t o  the 
e x c e l l e n t  temperature compensation inhe ren t  i n  such a u n i t .  
The small c a p a c i t o r  C1 provides f i l t e r i n g  and t h e  p r e c i s i o n  
r e s i s t o r s  R2 and R 3  s c a l e  the zener  vo l t age  to  about 1.5 
volts, (It may be noted that a small error i n  this  vo l t age  
does not  affect  the accuracy of t h i s  subsystem as a senso r . )  
T h i s  r e f e rence  vo l t age  i s  connected t o  the i n v e r t i n g  inpu t  
of the d i f f e r e n t i a l  ampl i f i e r  AR1. The base pressure  t r a n s -  
ducer MT1 is  selected to have an output  of 5.000 volts when 
the p res su re  i s  O.O5OOO PSIA. The output  from th i s  p re s su re  
t r ansduce r  is  connected t o  the non-invert ing inpu t  of the 
d i f f e r e n t i a l  ampl i f i e r .  When t h i s  output  becomes s l i g h t l y  
larger than  the r e fe rence  voltage,  the output  of the d i f -  
f e r e n t i a l  a m p l i f i e r  AR1 becomes p o s i t i v e ,  t h e  "and" gate 
G1 i s  turned on, and the arming of the primary subsystem 
is  completed. The output  vol tage from the pressure  t r a n s -  
ducer  r equ i r ed  f o r  t h i s  event i s  approximately 1.510 v o l t s ,  
the exac t  va lue  depending on the g a i n  i n  AR1 
g a i n  o r  loss i n  G1, A base p re s su re  t ransducer  output  of 
1.510 v o l t s  would be produced by a p res su re  of 0.0151 PSIA 
(2.17 PSFA) . 

The upper po r t ion  of Figure 14 shows t h e  c i r c u i t  diagram 

and the vo l t age  

The t r igger  pulse  is  t o  be  genera ted  when the base 
pressure,  i n  u n i t s  of PSFA, becomes equal  t o  0.29 t imes 
the sensed acce le ra t ion ,  i n  u n i t s  of f t / s ec2  (FPSS). A s  
noted above, the base pressure t ransducer  MT1 is  s e l e c t e d  
t o  have an  output  of 5.000 v o l t s  when the  p res su re  i s  
O.O5OOO PSIA. I n  equat ion  form, t h i s  i s  equiva len t  t o :  
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FIGURE 14, C I R C U I T  D1AGRAP.I FOR 
FIIJAL SYSTEM. 
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To compute the scale factor for the accelerometer 
output, let it be assumed that the sensed acceleration 
is related to the output voltage by the following equa- 
t ion 

afX = (S.F.) Vat 

where (S.F.) is the scale factor to be determined. 
Substituting the above two equations into the trigger 
relation, 

Pb/afx = 0.29 PSFA/FPSS ( 8 )  

and solving for the scale factor gives 

(S.F.) = 4.97 FPSS/volt 

Thus, the full scale voltage output for the accelerometer, 
corresponding to 32.2 FPSS, is 

This is rounded to 6.5 V in subsequent discussion. 

The output of accelerometer A1 is connected to the 
inverting input of the differential amplifier AR2, and 
the output of the pressure transducer MT1 is connected 
to the noninverting input. The output of this amplifier 
is essentially zero near the beginning of the entry tra- 
jectory because both the sensed acceleration and the base 
pressure are very nearly zero. As the lander vehicle be- 
gins to enter the atmosphere, the acceleration and the 
base pressure both begin t o  rise. The output from the 
accelerometer rises more rapidly than the base pressure, 
and the output of the differential amplifier is negative. 
The acceleration continues to rise until it reaches a 
peak value, and then it begins to decline. 
period, the base pressure continues to rise; when a preset 
value is reached, the "and" gate G1 is armed as described 
previously. When the acceleration decreases sufficiently 
and the base pressure increases sufficiently to satisfy 
the trigger relation, Equation ( 8 ) ,  the output of the d i f -  
ferential amplifier AR2 passes through zero and then becomes 
positive. At this instant, the amplifier acts somewhat 
like a switch due to its gain, and the "and" gate is actuated. 

During this 
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The term "fandl gate" is used in this discussion 
because it identifies the function of component GI. 
This component may be a conventional diode network, an 
integrated circuit, transistorized "and" gate, an inte- 
grated circuit "nor" gate (used with the inverted outputs 
of the amplifier), or a more complex logic function type 
component composed of integrated circuits. All of these 
approaches would apparently fulr"il1 the requirement, and 
the final choice should be based on reliability, cost and 
availability considerations. At this point, a dual DTL 
"Nand" gate type integrated circuit module seems like a 
logical choice. 

Actuation of the "and" gate provides a positive voltage 
to the input of the Darlington relay driver El. This compo- 
nent is an integrated circuit and is used to provide sufficient 
current to ensure positive operation of the mechanical relay 
K2. Diode CR2 across relay K2 provides protection to the 
Darlington relay driver El. Relay K2 actuates the pyro 
battery circuit which provides thz t r igger  pulse. The 
trigger circuit includes a nickel-cadmium battery BT1, a 
fusing resistor R4, and one half or" the dual pyro bridge. 
A nickel-cadmium battery is selected for BT1 because of 
its high current producing capabilities and resistance to 
environmental conditions. 

Schematic diagrams f o r  a typical capactive pressure 
transducer, strain gage accelerometer, differential ampli- 
fier, "Nand" gate, and Darlington relay driver are presented 
in Figures 15 through 19 respectively. 

The Secondarv Subsystem 

The lower portion 03 Figure 14 shows the circuit diagram 
for the secondary subsystem. No arming function is required 
for this subsystem. The operational i'unctions of the com- 
ponents in this subsystem are similar to the functions just 
explained for the corresponding components in the primary 
subsystem. For this reason, a description for the operation 
of this system is not felt to be necessary. 

Other Remarks 

The system being presented consists of discrete compo- 
nents and integrated circuits that are available as off-the- 
shelf items or as items with reasonably short delivery 
schedules. In particular, it is estimated that the longest 
lead time for any item would not exceed 120 days. 
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T Y P I C A L  D I F F E R E N T I A L  A M P L I F I E R  

F I G U R E  18, SCHEMATIC DIAGRAM 
FOR T Y P I C A L  ''NAND'IGATE 
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F I G U R E  19, SCHEMATIC DIAGRAM 
F O R  T Y P I C A L  DARLINGTON 
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The iEtegrated circuits proposed for this application 
are manufactured by the Westinghouse Electric Company. These 
units are designed for military applications and appear to 
have the required operating and storage temperature ranges. 
Their operating temperature range is -55OC to +l25oC and 
their storage temperature range is -65Oc to +175OC. 

In the f'ollowing error analyses, all errors are con- 
verted into equivalent voltage errors at the inputs to the 
differential amplifiers AR2 and AR3. Timing errors such 
as the time lag of the pressure transducer and the pull 
times of the various relays are converted into equivalent 
voltage errors. For the purpose of this analysis, the 
trigger flight condition is assumed t o  occur when the out- 
puts 03 both prime sensors are 3 volts. Also, the tempera- 
ture uncertainty range is assumed to be +500F. The trans- 
conductance of the Darlington relay driver is unknown; 
therefore, it is assumed that the circuit Will pull in the 
pyro relay with a small positive input voltage and that 
there is no error from this source. In appraising the 
following error estimates, it should be remembered that 
full scale (F.S.) for the accelerometer and the pressure 
transducers corresponds to 6.5 and 5.0 volts respectively. 

Primary Subsystem 

Accelerometer Error at Input to 
Diff. Amplifier 

Noise (+ - 5 MVRMS = 7 MV peak) . . . . . . 7 MV 

Nonlinearity and Hysteresis (+ 1% F.S. = 

Thermal Sensitivity Shift (0.02%/OF = 

Thermal Zero Shift (0.02% F.S./OF = 

Misali nment of X Axis to Flight Path 

5.01 x 6.5). 65 

0.0002 x 3 x 50) 30 

0.0002 x 6.5 x 5 0 )  . : 65 

70.2% = 0.002 x 3 ) .  . . . . . . . . 6 

Pressure Transducer 

Hysteresis and Noise (0.1% F.S. = 
5 0.001 x 5 ) .  . . . . 

Linearity (+ 1% F.S. = 0.01 x 5 ) .  . . . . 50 - 
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Thermal S e n s i t i v i t y  S h i f t  (O.O3%/0F = 
0.0003 x 50 x 3 )  , . 45 

Thermal Zero S h i f t  (0.5 W/OF = 0.5 x 50) . . .  25 

Supply Voltage Ef fec t  on S e n s i t i v i t y  (Assume 
supply vo l t age  i s  28 - + 2 VDC, O.O2%/V = 
0.0002 x 3 x 2 )  . . . . . . . . . . . . . . .  1.2 

Time Lag (0.2% = 0.002 x 3) . . . . . . . . . .  6 

D i f f e r e n t i a l  Amplifier 

Loading E f f e c t  on Transducers (none assumed; . . . . . . . . . . .  can be c a l i b r a t e d  o u t )  0 

D. C .  0r"f-Set a t  Output (0.5 v o l t s  i s  t y p i c a l  
with a t ransducer  output  impedance of 100 
ohms. Because t h i s  a p p l i c a t i o n  employs a 
t ransducer  wi th  a d i f f ' e ren t  output  impedance, 
assume 1 v o l t .  Reflected t o  the  input ,  w i th  . . .  a minimum g a i n  of 220, t h i s  i s  1/220).  4.5 

5/9 x 50 x 10) 
D r i f t  Due t o  Temperature (10 ClV/OC = . . . . . . . . . . . . . . .  0.3 

"Nand I '  Gat e 

Tr igge r  vo l t age  = 1.45 + 0.85 v o l t s  . . . . . .  ( r e f l e c t e d  t o  i npu t  =-0.85/220). 3.9 
D a r l i m t o n  C i r c u i t  

(Acts as a switch and w i l l  c o n t r i b u t e  n e g l i g i b l e  
e r ro r ;  i . e . ,  t he  "Nand" gate c i r c u i t  w i l l  d r i v e  . . . .  t h e  Darl ington c i r c u i t  t o  s a t u r a t i o n ) .  0 

Relay 

The e r r o r  cont r ibu ted  by the  r e l a y  i s  a t i m e  
func t ion .  A nominal time de lay  0.f 5 t o  10 
mil l iseconds can be expected. The estimated 
equivalent  vo l t age  a t  the a m p l i f i e r  input  i s  . . . . . . . . . . . . . . . . .  0.0025 v o l t s  2.5 

. .  

TOTAL 



mL. rlls mxLztx~ trineclu-cer and electrical error of this 

The RMS sum of the 
system is 317 millivolts. This represents an error of 
10.6% at a trigger value of 3 volts. 
listed error is 121 millivolts. This represents a one 
sigma error of 4.3$ at the 3 v o l t  trigger value. 

Secondars Subsvstem 

Pressure Transducer Error at Input 
t o  Diff. Amplifier 

Hysteresis and Noise 
(0.15 F.S. = 0.001 x 5)  . . . . . . . . . .  5 Mv 
Linearity (+ 1% F.S. = 0.01 x 5). . . . . .  50 
(0.03$/OF = 0.0003 x 50 x 3)  . . . . . . .  45 

- 
Thermal Sensitivity Shift 

Thermal Zero Shift 
(0.5 Mv/'F = 0.5 x 50). . . . . . . . . . .  25 

Supply Voltage Effect on Sensitivity 
(Assume supply voltage is 28 - + 2 VDC, 
0.02$/v = 0.0002 x 3 x 2)  . . . . . . . . .  1.2 
Time Lag (0.2% = 0.002 x 3) . . . . . . . .  6 

Differential AmDlif ier + 

Loading Effect on Transducers (none assumed; 
can be calibrated ou t ) .  . . . . . . . . . .  0 
D.C. Off-Set at Output (0.5 volts is typical 
with a transducer output impedance of 1000 
ohms. This application employs a transducer 
that may have slightly less impedance; however, 
assume 0.5 v o l t s .  Reflected to the input, with 

Drift Due to Temperature (10 W/OC = 5/9 x 
a minimum gain of 220 this is O.5/220).  . .  2.2 
50x10). . . . . . . . . . . . . . . . . .  0.3 

Reference Voltage 

The reference voltage can be adjusted to 
almost any degree of accuracy; 1% is 
assumed (0.01 x 3 ) .  . . . . . . . . . . . .  30 

TOTAL 165 MV 
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The maximum transducer and electrical error of this 
system is 165 millivolts. This represents an ermr of 
5.5% at a trigger value of 3 volts. 
error is 78 millivolts. This represents a one sigma error 

The RMS sum of the listed 

of 2.6% 

5.2.5 PARTS LIST AND WEIGHT ESTIMATE 

Table 25 presents a detailed parts list for the Final 
System. 
believed to be capable of meeting the mission requirements, 
but do not represent the results of detailed trade-off 
studies. Also presented in this table are the weights for 
each component. The total weight for the Final System, as 
described in Subsection 5.2, is estimated t o  be 110 ounces. 

The specific components listed in this table are 

(The two pyro batteries are required for only a brief 
instant of time; and, undoubtedly, they will be used to pro- 
vide power for same other ?unction subsequent to providing 
the trigger pulses. In other w o ~ d a ,  unzertain 'c~ exists as 
t o  whether it is proper to include the total weight of these 
components as sensor system weight. The weight of the Final 
System, less the two pryo batteries, is 94 ounces.) 

The heaviest component by f a r  is the pressure trans- 
ducer. It seems quite likely that the weight of this com- 
ponent could be markedly reduced. Also, it should be 
noted that a further weight reduction could be achieved 
by going to an all-integrated-circuit design. 

5.3 rn IABILITY ANALYSIS 

The Mars Atmospheric Sensing System involves the use 
of small numbers of component parts operating for short 
time durations without on-board maintenance. These factors, 
combined with unique environmental conditions and the re- 
quirement for high initial mission reliability, limit the 
usefulness of conventional reliability prediction techniques. 
These prediction techniques, based on component part failure 
rates, assume that all parts in a population are equally 
bad, while actual experience shows that failures are most 
often caused by individually defective parts. 
sentative of the true capabilities of a reliable design 
may actually exhibit zero failure rates. Therefore, the 
major portion of the reliability effort is directed toward 
identifying, controlling and eliminating defective parts 
and system failure modes critical to mission success. By 
locating and correcting design weaknesses during develop- 
ment, fabrication and testing, it is expected that the 
probability of success will be significantly greater than 
what can be predicted by conventional reliability statistics. 

Parts repre- 
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F I G U R E  20, FOUR SENSOR SYSTEM CONFIGURATIONS FEATURING AT L E A S T  
ONE EACH OF: 
SENSOR AND A Pb SENSOR,  A PYRO RELAY, AND A 
PYRO BATTERY 

AN I N I T I A T I N G  RELAY, BOTH A P d a '  
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The 
is based 

design-oriented reliability work described herein 
on the following definitions: 

A subsystem is a major functioning entity and 
consists of the following components: initia- 
ting relay, environmental sensor, pyro relay 
and pyro battery. 

A system is the total end-item sensor configura- 
tion. It consists of one or more subsys€ems and 
employs a minimum of two environmental sensor 
components (one base pressure sensor and one 
base pressure to acceleration ratio sensor). 

The following considerations are based on the reliability 
block diagrams presented in Figure 20. 

5.3.1 REDUNDANCY CONSIDERATIONS 

A sensor system utilizing series component redundancy 

Failure of a sensor component to pro- 
8s shown below increases the probability of late deployment 
(or no deployment). 
vide the trigger signal for parachute deployment may be 
overcome by a trigger signal from a parallel component. 
Parallel redundancy however, increases the probability of a 
premature trigger signal. Component failure resulting in 
a premature trigger signal (and premature arachute de- 
ployment) cannot be overcome by a "back-up' component or 
subsystem. Thus, the application of a parallel "back-up" 
component may fail to improve system reliability; multiple 
parallel redundancy eventually degrades system reliability. 

(a) Series Redundancy 
against premature 

(protects (b) Parallel Redundancy (pro-  
operation) tects against late oper- 

ation) 
FIGURE 21, THREE MODES OF RElXTNDANCY 

The use of parallel and/or series redundancy to 
improve reliability in any given application depends on 
the predominant component failure modes. Preliminary 



analysis of t h e  environmental sens ing  components under 
cons idera t ion  does not  i n d i c a t e  a s i g n i f i c a n t  tendency 
f o r  e i t h e r  "open" o r  "shor t"  f a i l u r e s .  
d i t i o n s ,  f o u r  sensor  components i n  ser ies-paral le l  (as 
shown below and i n  Figure 2od) provides  optimum r e l i a b i l i t y .  
The use  of a crossover  (as shown) depends somewhat on the 
predominant f a i l u r e  mode. 

Under t h e s e  con- 

FIGURE 21 QONCLUIIED, ( c )  S e r i e s - P a r a l l e l  Redundancy 
(p ro tec t s  a g a i n s t  both premature and l a t e  ope ra t ion )  

The fol lowing example i l l u s t r a t e s  t h e s e  redundancy 
cons idera t ion  where t h e r e  are two modes of component 
f a i l u r e s  wi th  

f s  = p r o b a b i l i t y  of premature ope ra t ion  ( s h o r t )  

f o  = p r o b a b i l i t y  of no ope ra t ion  (open) 

For t h e  s e r i e s  redundant conf igura t ion ,  t h e  p r o b a b i l i t y  of 
f a i l u r e  by  premature opera t ion  i s  

and the p r o b a b i l i t y  of no ope ra t ion  i s  

Assuming, f o r  example, tha t  f s  = f o  = 0.001, then  

Fs = 0.000001 

F = 0.002 
0 

The s e r i e s  arrangement, while g rea t ly  decreas ing  the prob- 
a b i l i t y  of premature operat ion,  doubles the p r o b a b i l i t y  of 
no operat ion.  
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When the two components are arranged in parallel, the 
s i t ~ a t i o n  is reversed: 

2 Fs = 1 - (1 - fs) 
2 Fo = fo 

For the series-parallel arrangement of four 
probabilities of premature and no operation 
given by: 

components, the 
failures are 

Fs = [ 1 - (1 - f's)2]2 

= 1 - (1 - f0*)* FO 

Assume again, that fs = f = 0.001. Then, for a single 
component, the total probgbility of failure is 

fs + fo = 0.002, 

while for the series-parallel arrangement of four components 
the total probability of failure is 

Fs + Fo = 0.000006. 

These outstanding variations in "component system" reli- 
ability are illustrated in Table 26. 

The preceding examples of redundancy may be applied to 
any of the components in this system. Parallel redundancy 

to-operate", e .g . , pyro batteries. Quadrature redundancy is 
particularly applicable to the environmental sensor compo- 
nents, where less reliability data is available and where 
the predominant failure modes may be difficult to determine. 
The feasibility of quadrature component redundancy f o r  this 
application appears realistic in view of the small weight 
and volume of the parts involved, particularly if solid 
state circuits are used. The use of redundancy in this 
manner allows the inherent weakness of one sensing techni- 
que to be off-set by strengths in another. These strengths 
and weaknesses can be exposed as analysis, design, and evalu- 
ation proceeds. 

is recommended where the predominant failure mode is fl failure- 

5.3.2 SYSTEM DESIGN 

The functional block diagrams shown in Figure 20 illus- 
trate four possible system configurations--all based on the 
use of the circuit designs previously discussed in Section 
5.2. 
increase in system reliability (and system weight) from (a) 
thru (d). Configuration ( b )  is the Final System, as pre- 
sented in the previous section of this report. It provides 

These four system configurations represent a sequential 
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fully redundant and independent functional subsystems. The 
estimated weight for this configuration 1s 113 oz (6.9 I b ) .  

Configuration (a) is the minimum system that still 
embodies both the Base Pressure to Acceleration Ratio and 
the Base Pressure type concepts. Now, however, only one 
prime sensor of each type is used and all other components 
are reduced in number to the absolute minimum. The esti- 
mated weight for this system is 60 02 (3.75 lb). 

nents as the Final System, but it features crossovers at 
four points and has improved reliability since alternate 
paths are provided for each component function. 
based on a preliminary analysis assumption that the compo- 
nents involved have a predominant "9ailure-to-operate" 
tendency.) The estimated weight 03 Configuration (c) is 
116 oz (7.25 lb). 

Configuration (a)  il~ustrztes how still m r e  reli- 
ability can be achieved. In this configuration, protection 
is provided against both premature and late operation. This 
is accomplished by introducing a series-parallel arrangement 
of' sensor element components as discussed in the preceding 
subsection. The estimated weight for this configuration is 
197 oz (12.3 lb). 

Configuration (c) employs essentially the same compo- 

(This is 

Figure 21 shows a crossover circuit for pyrotechnic 
initiation. The principle illustrated in this figure is 
fairly typical. This crossover incorporates the following 
advantageous features: 

(a) All pyrotechnic contacts are shorted prior to 
initiation. 

(b) A signal Trom either sensor activates both relays 
(and both pyrotechnic bridges). 

(c) Failure of one relay, one battery or one pyro- 
technic bridge does not result in a system 
failure . 

5.3.3 FAILURE MODE: AND EFFECTS ANALYSIS 

The anticipated environmental conditions and functional 
performance requirements were used as the basis for a pre- 
liminary Failure Mode and Effects Analysis. 
it was attempted to ascertain the reliability advantages and 
disadvantages for the various system configurations shown 

In this analysis, 
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in Figure 20. 
in Table 27. This table presents the following information: 

The results of this analysis are summarized 

(a) potential subsystem failure modes 

(b) probable causes for each of the failure modes 

(e) 

(d) 

the effect of these failures on subsystem and 
sys tem performances 

techniques used to overcome each potential 
failure mode 

(e) the system configurations (Figure 20) which 
employ each of the given corrective techniques 

This information identifies the important reliability 
advantages and disadvantages of the various system con- 
figurat icns . 
5.3.4 RELIABILITY RECOMMENDATIONS 

The reliability concepts described herein can aid 
design personnel in developing a sensor system with a high 
degree of inherent reliability. In addition, it provides 
data for future trade-off studies based on weight, reli- 
ability, performance, and other criteria. Final selection 
of a system configuration depends upon these trade-off's 
which involve overall mission requirements yet undefined. 

Component part application for this program should be 
based on the use of design techniques to retain and enhance 
the high inherent reliability of the components selected. 
These design techniques should include component derating, 
redundancy and environmental protection. 
but not listed in References 20 and 21 should be selected 
for their ability to meet the functional and environmental 
system requirements based on test data and previous use in 
similar applications. 
evaluate potential component vendors and to maintain cogni- 
zance over subcontractor design, manufacturing and testing 
procedures. 

Parts required 

Techniques should be employed to 

Reliability work on the next phase of development 
should include : 

(a) Component Engineering - To evaluate light-weight 
parts and assist with component application. 



. -  
TABLE 27, SUMMARY OF FAILURE MODE AND EFFECTS ANALYSIS 

- 
No. 

1. 

- 

2. 

3 .  

4. 

5. 

6 .  

Fai lure  Mode 

Activating re lay  
Pails t o  operate 
on signal from 
lander  sequence 
con t ro l l e r .  

Environmental 
sensor  operates  
prematurely. 

Environmental 
sensor f a i l s  t o  
opera te  (or  
opera tes  l a t e ) .  

?yro r e l ay  operates  
v e m t u r e l y .  

Pyro r e l a y  fa i l s  
to  opera te  on 
s igna l  from sensor 
: i r c u i t .  

Pyro bat tery f a i l s  

Probable Cause 

Bmage t o  c o i l  o r  
:on tac ts  by v ibra-  
; ion o r  shock. 
Iigh contac t  re- 
j i s tance .  

L .  Pb/a '  amplifier 
d r i f t  during 
e a r l y  sys tem 
opera t ion  when 
both acce le ra -  
t i o n  and base 
pressure  are 
zero .  

3 .  Accelerometer 
o r  pressure  
t ransducer  
f a i l u r e .  

4ccelerometer o r  
? ressure  t r ans -  
lucer  f a i l u r e .  

Contact c losu re  du 
t o  v i b r a t i o n  o r  
shock during lande 
launch from Mars 
vehic le .  

IBmge t o  c o i l  o r  
con tac t s  by v ibra-  
t i o n  o r  shock. 

De te r io ra t ion  re- 
s u l t i n g  from en- 
vironmental ex- 
posure. 

Functional E f fec t  

Fa i lu re  t o  provide 
power t o  senso r  
subsystem - w i t h  
r e s u l t a n t  f a i l u r e  
t o  provide t r i g g e r  
and pyro s i g n a l .  

a .  Premature 
t r i g g e r  signal 
poss ib l e  sys-  
tem f a i l u r e .  

t r i gge r  s i g n a l  
poss ib l e  sys-  
tem f a i l u r e .  

b .  Premature 

F a i l u r e  t o  provide 
t r igger /pyro  
s i g n a l .  

Premature t r i g g e r /  
pyro s i g n a l .  

Fa i lure  t o  provide 
t r igger /pyro  
s igna l .  

Fa i lu re  t o  provide 
pyro power. 

Corrected By 

Parallel redundant 
subsystems. 
Parallel redundant 
r e l ays .  

a .  A r m i n g  c i r c u i t -  
us ing  base 
pressure  sensox 

b .  S e r i e s  re- 
dundant 
sensors .  

P a r a l l e l  redundant 
environmental 
se ns o r s  
Parallel redundant 
subsystems. 

:areful r e l a y  
se l ec t ion  and 
besting. Relay 
nounting w i t h  
sens i t i ve  a x i s  
9pposed t o  d i r e c -  
t ion  of shock. 

Paral le1 redundant 
subsystems. 

Paral le1 redundant 
re lays .  

Parallel redundant 
subsys t e rn ,  

Parallel redundant 
batteries. 



(b 1 Testing - To evaluate component/system reliability 
as a basis for reliability estimates and design 
improvements. 

Failure Analysis and Corrective Action - To identify, 
control and eliminate Z'ailure mechanisms critical 
to mission success. 

(c) 



6.0 zc~u'cLs'sIo~~s 

The fol lowing conclusions are Presented. based on the 
of t h i s  study. 

This study,  encompassing a n  a n a l y s i s  of 
sensor  systems su i t ab le  f o r  i n i t i a t i n g  para-  
chute  deployment on a Mars en t ry  vehic le ,  
shows conclusively that today ' s  technology 
and hardware can provide a sensor  system 
w i t h  s u f f i c i e n t  f l e x i b i l i t y  t o  a s s u r e  ac-  
c u r a t e  sensing over the wide range of pos- 
s ib le  Martian atmospheres, e n t r y  condi t ions,  
and environmental condi t ions  cu r ren t ly  postu- 
lated f o r  the mission. 

A v a r i e t y  of s e n m ~  systems are feasible. O f  
the many sensor  concepts analyzed i n  Phase  1 
of the study, s i x t e e n  are s u i t a b l e  i n  var ious  
degrees.  I n  general ,  sensor  sys tems employing 
a n  accelerometer  seem t o  have the most satis- 
f a c t o r y  performance over the ranges of deploy- 
ment condi t ions  and e n t r y  modes s tudied .  

O f  the  f o u r  f e a s i b l e  sensor  systems se l ec t ed  
f o r  more d e t a i l e d  analysis i n  Phase 2 of t h e  
study, two employ a n  accelerometer ,  one employs 
a base pressure  t ransducer ,  and one employs both 
an  accelerometer  and a base pressure t ransducer .  
A trade study of these two types  of pr ime sensors  
i n d i c a t e s  that a s t r a i n  gauge accelerometer  and a 
capac i t i ve  pressure t ransducer  are the most satis- 
f a c t o r y  i n  t h i s  app l i ca t ion .  A matrix e s t a b l i s h e d  
f o r  eva lua t ion  of t he  fou r  sensor  systems revea led  
that a l l  f o u r  would be s u i t a b l e  f o r  development 
w i t h i n  the spec i f i ed  guide  l i n e s .  

The Final System, s e l e c t e d  f o r  detailed analysis 
and des ign  i n  Phase 3 of the study, f e a t u r e s  two 
sensor  subsystems operat ing i n  parallel:  a sensor  
subsystem u t i l i z i n g  the r a t i o  of base pressure  
t o  sensed acce lera t ion ,  and a sensor  subsystem 
u t i l i z i n g  base pressure by i t se l f .  
r ep resen t s  the m o s t  promising deployment p r e d i c t i o n  
c a p a b i l i t y .  

This system 
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5 )  The performance a n a l y s i s  of the F i n a l  System 
is  based on the requirement that parachute  
deployment should be i n i t i a t e d  a t  o r  below 
(but  no t  above) the s p e c i f i e d  Mach number 
M = 1.0. The a l t i t u d e  a t  which t h i s  Mach 
number occurs can be expressed rather ac -  
c u r a t e l y  as a s i m p l e  f u n c t i o n  of e ight  v a r i -  
ab l e s .  These eight  v a r i a b l e s  are:  the atmos- 
phere model, e n t r y  v e l o c i t y ,  e n t r y  f l i g h t  pa th  
angle, e n t r y  azimuth angle, e n t r y  angle of 
a t t a c k ,  e n t r y  r o l l i n g  v e l o c i t y ,  maximum wind 
p r o f i l e  and v e h i c l e  drag c o e f f i c i e n t .  The 
a l t i t u d e s  a t  which the  F ina l  System's two 
sensor  subs ys  tems t r igge r  parae hu t e  d e p l  oy - 
ment can be expressed s i m i l a r l y  but  r e q u i r e  
the i n c l u s i o n  of terms f o r  two a d d i t i o n a l  
v a r i a b l e s ;  the subsystems' ope ra t iona l  e r r o r s ,  
and t h e  base pressure  c o e f f i c i e n t  e r r o r s .  

6 )  The largest  deployment a l t i t u d e - u n c e r t a i n t y  
component i s  due t o  the a tmospher ic -proper t ies -  
unce r t a in ty  range, exemplified by Mars model 
atmospheres VM-3 and W-8. T h i s  amounts t o  
approximately + 25,000 fee t  of a l t i t u d e  un- 
c e r t a i n t y .  The next  largest  a l t i t u d e - u n -  
c e r t a i n t y  components (maximum wind p r o f i l e ,  
environment e f f e c t s  and e n t r y  f l i g h t  path angle) 
are  approximately a n  o rde r  of magnitude smaller. 

The des ign  of the F i n a l  System employs e x i s t i n g  
components conserva t ive ly  . 
and component derating minimize the common problem 
of wear-out f a i l u r e s .  These f a c t o r s  provide a 
system w i t h  high inhe ren t  r e l i a b i l i t y .  

Addit ional  r e l i a b i l i t y  improvement can be ob- 
t a i n e d  by adding more redundancy and crossover  
networks. These improvements may be incorporated 
as a d d i t i o n a l  data on mission requirements  and 
f a i l u r e  modes become a v a i l a b l e .  

7 )  
Shor t  opera t ing  times 

8) 

94 



7.0 RECOMMF,NDATIONS 

Based on the r e s u l t s  of t h i s  study, the fol lowing 

1) The performance ana lys i s ,  as developed i n  

recommendations are presented: 

Phase 3 of the study, should be c a r r i e d  t o  
completion. This analysis approach should 
a l s o  be used to s u b s t a n t i a t e  the r e s u l t s  
obtained w i t h  the somewhat less complete 
approach used i n  Phase 2 of the s tudy.  

2) The r e s u l t s  presented i n  t h i s  r e p o r t  should 
be used as t h e  basis f o r  a d d i t i o n a l  development 
e f f o r t .  This add i t iona l  e f f o r t  should c o n s i s t  
of: a more d e t a i l e d  design analysis, a d d i t i o n a l  
component trade s tudies ,  tests t o  eva lua te  both 
components and complete subsystems 1x1 order  t o  
provide a basis f o r  a d d i t i o n a l  r e l i a b i l i t y  
a n a l y s i s  and design improvements, and a more de- 
tailed f a i l u r e  mode and e f f e c t s  s tudy t o  i d e n t i f y  
and eliminate p o t e n t i a l  problems c r i t i c a l  t o  
mission success .  

3 )  A t  an early date, the r e s u l t s  of the two pre-  
ceding recommendations should be combined; and 
the development and q u a l i f i c a t i o n  of the two 
subsystems of t he  F ina l  System should be under- 
taken. 
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APPENDIX A 

NOMENCLATURE 

SYMBOLS 

A = *nD2 Referencs area equal  t o  e n t r y  v e h i c l e ' s  base 
area, f t  

a - Accelera t ion  w i t h  r e s p e c t  t o  i n e r t i a l  space,  
f t / s e c 2  

h a '  = l a - G l  - -  Magnitude of sensed a c c e l e r a t i o n  ( t h e -  q u a n t i t  
that is measured by a n  accelerometer) ,  f t / s e c  

Magnitude of sensed a c c e l e r a t i o n  component i n  
X axis d i r e c t i o n ,  f t / s e c 2  a ' X  

A t m  Generalized v a r i a b l e  r ep resen t ing  the e f f e c t  of 
changing from one Mars m o d e l  atmosphere t o  another  

cA, CN, cy 

CJ, 9 Cm, C, 

Axial, normal and side f o r c e  c o e f f i c i e n t s  

Rol l ing,  p i tch ing  and yawing moment c o e f f i c i e n t s  

Cs 9 cm 9 c Danping d e r i v a t i v e s  (dimens i o n l e s s  ) 
P 4 nr - 

Generalized v a r i a b l e  r ep resen t ing  the e f f e c t  of 
changing the  l e v e l  of the e n t r y  v e h i c l e ' s  f o r c e  
c o e f f i c i e n t s  

cD 

C 
'b 
D 

E 

Env 

Entry v e h i c l e ' s  base pressure  c o e f f i c i e n t  

Entry v e h i c l e ' s  r e f e rence  dimension equal  t o  
base diameter, f t  

Entry poin t  ( a r b i t r a r i l y  def ined  as the p o i n t  i n  
t r a j e c t o r y  having a n  a l t i t u d e  of 805,000 f t )  

Generalized v a r i a b l e  r ep resen t ing  sensor  system 
ope ra t iona l  e r r o r s  due (p r imar i ly )  t o  preopera t iona l  
and opera t iona l  environmental condi t ion ing  

ET0 Ethylene oxide 

FO S e r i e s / p a r a l l e l  con f igu ra t ion  probabi l  i t y  of 1 a t  e 
o r  no opera t ion  (open type  f a i l u r e )  



. .  

FS 

F.S. 

f 

f O  

f S  

G 

"g  I' 

H - 

h 

K - 

M 

rn 

P 

ps2 
P, q, r 

R 

t 

V 

vA 
VM 

w / t  

Wind 

100 

Series/parallel conf igu ra t ion  p r o b a b i l i t y  of 
premature ope ra t ion  ( s h o r t  type f a i l u r e )  

ml1 s c a l e  

Frequency, CPS 

Component p r o b a b i l i t y  of l a t e  o r  no ope ra t ion  
(open type  f a i l u r e )  

Component p r o b a b i l i t y  of premature ope ra t ion  
( s h o r t  type f a i l u r e )  

Grav i t a t iona l  s p e c i f i c  f o r c e ,  f t / s e c  

Uni t  of a c c e l e r a t i o n  equal t o  32.2 f t / s e c  

2 

2 

Al t i tude  column v e c t o r  equal  t o  (hl h2 , . . ) I ,  

see  Subsect ion 4.3 

Al t i t ude ,  f t  

Independent v a r i a b l e  column v e c t o r  equal  t o  
(ATM VE ...)', see Subsect ion 4.3 

Free stream Mach number 

Entry veh ic l e  mass, SLUGS 

Pressure,  l b / f t 2  

S tagnat ion  pressure  a f t  of shock, l b / f t  

Rol l ing ,  p i tch ing  and yawing v e l o c i t i e s ,  rad/sec 

2 

Radius of  curva ture ,  f t  

Time, sec  

Velocity,  f t / s e c  

Aerodynamic v e l o c i t y  ( w / t  l o c a l  " a i r ) ,  f t / s e c  

Voyager-Mars atmosphere model 

With r e s p e c t  t o  

Generalized v a r i a b l e  r ep resen t ing  t h e  e f f e c t  
of wind 



Y and YIE 

T 

A.  

E 

A 

ACT 

AV, -8, H I ,  -20 

b 

c.p. 

deP 

E 

F.S. 

I 

I N D  

i 

IlBX 

min 

~ z t q  vehicle bzdy sxes 

Distance af t  of nose t o  c e n t e r  of pressure,  f t  

Angle of a t t a c k  and angle of s i d e s l i p  

F l i g h t  path angle, deg (or s p e c i f i c  heat r a t i o )  

Entry f l i g h t  path angle ( w / t  inertial space) ,  deg 

Total angle of a t t a c k ,  deg (see page 10) 

Lati tude,  deg 

Longitude , deg 

Density, s lugs / f t3  

A z i m t h  angle, deg 

Planet  r a t e  of r o t a t i o n ,  rad/sec 

SUBSCRIPTS 

Aerodynamic; i .e.,  w / t  the l o c a l  "air" 

Actual 

See d e f i n i t i o n s  i n  Table 9 

Base 

Center of pressure 

Depl oyment i n i t  l a t  i o n  

Entry Point E 

F u l l  s c a l e  

I n e r t i a l  (also i d e a l )  

Ind ica ted  

Systemhubsystem number 

M a x i m m  

M i n i m u m  

1 01 



0 Nul l  

0 Free s t ream 

P Preset 

S Spec if i e d  

S Shear 

T Tr igger  

W Wind 

X X body a x i s  

NOTE: Underlined symbols are v e c t o r  q u a n t i t i e s  

1 02 
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Northrop Corporat ion,  Ventura Division 

JPL Cont rac t  No. 951174 

7 )  k g n  57, E q x a t i m  (6j ,  first l i n e  

U) 0 P ~ g e  58, TeSle 19, secand eqwt lm:  

Pr,se 58, Tzble 19, f i i ' t h  equetim: 
script an t k e  l n s t  S ; & D ~ .  

9) Pages 2 ,  10, 36,  39, 46, 40,  57, and 58 were a l s o  changed t o  r e f l e c t  
. improveaents i n  t e x t u a l  cons t ruc t ion  and when supplied r e f l e c t  t h e  
changes l i s t e d  i n  peragraphs 1) through 8) above. 

Add t h e  war6 " e r r a r s "  t=, t h e  scb- 

10). Pages 9, 30, 35, 37, 47, 54, an6 93 when supp l i ed  r e f l e c t  improverients 
i n  t e x t u a l  cons t ruc t ion  and presentetion only.  
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The niass of the l a n d e r  veh ic l e  i s  assumcd to be a con- 
s t a n t  31.677 d u g s  (thermss ~ G S S  due t o  ablats-on i s  n e g l i g i b l e ) .  
I t s  rno~en t s  oi' I n e r t i a  a b o u t  t h e  X, Y and Z axes  are  300, 
270 and ?'(@ slug-ft2,respectlvely and the  products  of i n e r t i a  
ai-e zero. The base diameter ( re ference  diniension) i s  t a k e n  t o  
be D L 12 f't. 

P3-ots prepared froin the  aerodyr~amic tab les  are prese?ted 
in FQures 3 ,  4 and 5. Figurc 3 p r z s e n t s  a x l a l  f o r c e  coe f -  
f i c i e n t  CA ( p o s i t i v e  i n  t h e  --x d i rec t iox i )  versus  ~ s c h  nux'ce- 
foy seven values of t o t a l  ansle of a t t a c k  q from 0 t o  180 
degrees. il- E'igure 4 presents  no rm1  f o r c e  c o e f f i c i e n t  CiJ 
( p o s i t i v e  3-n the - Z  di rec t iorz)  VCPSUS I%ch number f o r  seven 
va lues  of angle  of a t t a c k  a fro!n 0 t o  180 degrees .  E'igure 
5 p resen t s  sixilar curves f o r  the c e n t e r  of pressui's l o z a t i o n  
Cm/Cpj. T h i s  is, i n  e f f e c t ,  the positTon (In u n i t s  of E )  a t  

=I arccos (cos a cos 3 )  



8. 
I: 
I 
i 
t 
I 
I 

Ccrlaparison of all s:ixteen sysixms a c r o s s  the board for  suit^-- 
bi7Iit.y of all N?ch nwioars e c d  e n t r y  modes shmis  the Stzgnat ion  t o  
B s e  Pir.essure Ra t io  SjTsteIil (I) hnd t h e  Ease Pressure t o  Acce lera t ion  
on R a t i o  SySterii (J) t o  have the smallest a l t l t u c i c  e13i-ors. The 
Acce lera t ion  E?v.nction S>7stein (0)  a l s o  glves rxther  good perf  o rmnce  
a c ~ o s s  t.he board. 



I: . 

The pei3foriiiance resslts obta:ined i n  the  Feas ib l e  
Systems Study were corcbined with o t h e r  consideratiom pre- 
payatory t o  deciding on t h e  s p e c i f i c  sensor  configLmations 
t o  be analyzed i n  Phase 2 of  t h e  s tudy .  These o t h e r  con- 
sideT.atlioiis included r e l i a b i l i t y  and d.eVelopl?i!i=l-it risk fa -c to r s  . 
On this has is ,  three conf igx$a t i  ons of' seilsor systeim were se l ee -  
ted and-approved b y  JPL. Each vias se lec ted  to consist of two 
independent st~bsysi;er,is actins i n  parallel;  i. e. ,  each candid,?te 
systein c ompr l se s  two sensor sljbsystems For c onvenlence sake,, these 
S U - ~ S ~ E ~ ~ K ~ S  are icientLfied as p r l m s r y  and secondmy,  a l though 
in rmli'by, t h e y  a c t  i n  parallel. The three c a n c ' i h t e  s ~ s t e m e  
a re  as fo3.1oxs: 

1 kcc el era t i o n  Rase Frc.zsrr-re 
(Feas ib le  System M )  (Fe r s iS le  Syste!;? R >  

2 Bzse Pressure To Rase Pressure 
Accelerat ion Ra t io  (Feas ib le  System E )  
(Feas ib le  System J) 

3 Accelerat ion Functl-on Bse  Pr-esuu-re 
(Feas ib le  System 0 )  (Fcas lb le  SrSt.ein R) 

It Riay be noted that each candidate sgsteni ~i-ses the SS-pi-:! 
tv:o types of pi-iine sensors: an accelerometer  and a base 
prsssu-re sensor .  

A t  t h i s  poir,t i n  t h e  s tudy ,  t h e  s p e c i f i e d  Uach nrr.mbsr 
for i n i t i a t i r i z  p s r a c h u t e  deployment was r e s t r i c t e d  t o  t h e  (sile 
Etch mmber, T\IS = 1.0. Also, i t  was decided thzt  a one-stage 
parachute sgstern could be assu-med f o r  t h e  rercsinder of t h e  
s tudy .  

The e r ror  perfcrnsnces for the candidzte  systems aps 
determined by m a l y z i n g  the per l 'oxa-ces  of the f o z r  sub-  
systems. I n  the feas ib le  s y s t e m  s t u d y ,  t hzse  a re  S y s t e m  
J, N, 0 ard F; a s  noted above. FolloT;!ing an  e x p l a m t i o n  of 

35 * .  



Tne performance a n a l y s i s  u s e d  i n  t h i s  plizse of the 
study expresses  the maxirr?ll.m a l t i t u d e  reduct ion  due  t o  the 
u n c e r t a i n t y  i n  each of t h e  independent variables actfing i n -  
d i v i d u a l l y .  These are u-tl l i ized t o  e s t ima te  t h e  maxirnum over- 
all a l t i t u d e  reduct ion  due t o  the u n c e r t a i n t y  i n  all the in- 

The Assumed E ' ~ 1 . 1 7 ~  t iona l  its 

dependent va rkh l . e s  ac t ing  slm.iltaneuG1.sly. 'J 
1 

Let  the Lni t l a -L lon  a l t i t u d e  dire t o  t h e  ope ra t ion  o f  a 
senso r  systeai be rel"cr1-d t o  as the trrigger d t L t u c i e ,  hT. 
I n  t h i s  analysLs,  this kr5gp;er  a l t i t uc l e  i s  viewed as  a 
f u n c t i o n  of eight independent var iab l  es as  folloics : 

where, i n  addition to t h e  syrii50l rr,eanirGs g iven  i n  Table 2, 
the  synhols  A t m ,  cpb and Env m e  used t o  r ep resen t  atmos- 
phere model, base pressure c o e f f i c i e n t  and enviroriiientsl 
e f f e c t s  r e s p e c t i v e l y .  

of e ight  independent varl.abl.es : a t n o s p h e m  niodel, e ~ k y  velo- 
c i t y ,  e t c .  Assumfirg t ha t  this f u n c t i o n s l i t y  i s  "a:ell behz,;licd", 
Eq. (1) can be w r i t t e n  as a Taylor expans ion  abou t  an al.ti.tu-drt 
ho as follows: 

Equation (I) states that  the trigger a l t i t u d e  i s  a fu-nct.i,on 



It msy be observed t h a t  some of the' q u a n t i t i e s  appearfag 
i n  Eq. ( 2 )  have a rather probI-ercetical meanirg; e . g . ,  ahT/ G ~ t m .  
This  problelii i s  cll-cunvented i n  t he  ai?alysls by always wor-kipg 
with t h e  p:roducts of t h e  p a r t i a l  d e r i v a t i v e s  2nd t h e '  a s s o c i s t e d  
A-qu-antitles; e . g . ,  ( alq/  o ' A t m )  A n t i n .  Clear ly ,  t hese  p r o -  
du c t s (2, I t 5tv-d. e -- ui: c e r  t a i n t  y c ctmp on? nt s ) c an have s i g  n i  f i c m c e . 
They arc  t h e  a l t i t u d e  changcs resultl;.ng fucin c i i m ~ c s  i n  t h e  
indepexient  varizbles . Unless another n:eanFns i s  s p e c i f  l i e a l l y  
i n d i c a t e d ,  t h e  plwase " a l t i t ~ - C e - u . ~ c e ~ ~ = ~ ~ ~ n t y  C O I " ~ O ~ ~ C I I ' ~ ; ' '  i s  d e -  
f i n e d  to mean t h e  msxinwn change froin t h e  iiu.11 a l t i t u d e  d.ue to 
t-he p=lr t 3 e ul=! r 5. nil e p en d e nt va ra i ab 1 e i r1-v ol ve d. . ---- 

The Procedure --- 
The procedura used in t h e  analyslis of each szbsystem i s  

as f o l l o x s :  

1. The operatLon of each subsystem j.s cleftined e x p l i c i t l y .  
A t  t h i s  stage i n  the s tudy,  i t  i s  iropossi5le t o  m&e it 
qrm.ntitativelg a c c u r a t e  de f in i t i cm.  T i l l s  w i l l  becorne pos-  
s5ble only xhen t h e  conbinat ion cl" t h e  independent 
variables that piw&ce:: t he  most advsi-se e f f e c t  i s  
kno;;n. Therefore, f o r  t he  sake of being expl I c i t ,  
t h e  most c o r r e c t  d e f i n i t i o n  foi' t h e  e igh t  c o m e r  r u n s  
i s  used. 

2. The t r i g g e r  a l t i t x d e s  f o r  certalr-1 of t!ie 18 r u m s  
l i s t e d  i n  Table 1 a r e  determined. 

3 .  The a l t i t u d e - u n c e r t a i n t y  components due t o  the  atmos- 
phere, e n t r y  v e l o c i t y  and en t ry  flight pa.th ar-!!le 
u n c e r t a i n t i e s  are deterxj.ned. Table 9 s u r ~ i ~ ~ ~ i z e s  
t he  r e l a t i o n s  used i n  t h i s  coxpu-tation. 



c 

5. F i n a l l y ,  t h e  n u l l  altittlde i s  conputed. The re- 
l a t i o n  used t o  make t h i s  cor;iptltatS.c)n i s  

The f otw subsystems u t i l i z e d  i n  the t h x e  Canciidate 
S y s t e m  are def ined i n  t h i s  subsect ion.  I n  z C d i t i . c n ,  an 
ideal ,  M = 1.0 system i s  def lned.  

14. 2 .  1 ACCELFERATICN SSJBSYS'i1E.4 

The operational sequence for th5.s system I s  as fol lo7is :  

1. The a x i a l  a c c e l e r a t i o n  a ' X  i s  sensed. by ail accelei%oireter 
i n  the  l a n d e r  veh ic l e  du.rj.ns e n t r y .  

2. When the a c c e l e r a t i o n  l e v e l  exceeds a p r e s e t  l e v e l ,  the 
t r igger  c5.rcu.it i s  arrried . 

3. The t r i g g e r  pu l se  i s  generated when t h e  a c c e l e r a t i o n  
l e v e l  falls below a second p r e s e t  l e v e l .  

Only the  second preset  l e v e l  i s  c r i t i c a l  w i t h  r e s p e c t  
t o  t h e  t r igzer  event.  Tnis  a c c e l e r a t i o n  l e v e l  i s  selected t o  
be the s m l l e s t  v a h e  of sensed a c c c l e - a t i o n  i n  t h e  eight corner 
r u n s  xhen t h e  l~!.nder veh ic l e  Xzch nvmber 9 = 1.0. This  OCCUI'S 
on Run 77 when t h e  axial acce le rL t ion  a 1 X  = 15.11 ft/sec2. 
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l a s t  colurrin shoivs t h e  corresponding va lues  of a l t i t u d e  
rcduc.t_i on f o r  t h e  most c r i t i c a l  run  (Run 57) t h a t  occui-red 
i n  t h e  Feas ib l e  Systems Study. The va lues  of t h e  e i g h t  
independent v a r i a b l e s  t h a t  y i e l d  t h e  n u l l  a l t i t u d e  and. t h e  
minimum a l t i t u d e  a r e  shown i n  Table 13. 

to 13,600 fee t  a r e  pred ic ted  f o r  t h e  f i v e  s y s t e m s  shovrn i n  
Table 12. These rainimum a l . t i tudes ,  it should be ernphasized, 
are p red ic t ed  on t h e  basis of l i n e a r  mathematical models 
for t h e  va r ious  systems. Not only are t h e s e  systems non- 
l i n e a r ,  a t  l eas t  with r e s p e c t  t o  the e i g h t  independent v a r i -  
ables, bu t  i n  most ca ses  Z t  i s  necessary t o  eva lua te  t h e  
a1 t i t ude -unce r t a in ty  components a t  f l i g h t  cond.itions f a r  
d i f f e r e n t  than  t h e  minimym a l t i t u d e  f l i g h t  cond i t ion .  

It may be no t i ced  t h a t  minimy-m a l t i t u d e s  of from 200 

Table 1 2  shows t h a t  t h e  Base Pressure  Subsystem has 
t h e  smllest minj.mum a l t i t u d e  reduct ion ,  1600 f e e t ,  f o l -  
loxed  i n  second p lace  by the Base Pressure  to Accelera t ion  R a t i o  
SLtbsysterrr, 5600 f e e t .  This sequence i s  t h e  opposi te  of' 
what was ind ica t ed  i n  t h e  Feas ib le  S y s t e m  Study; s ee  l a s t  
column i n  table. Also, t h i s  t a b l e  sho:.;s the Accelera t ion  
Funct ion Subsystem and the  Accelera t ion  Subsystem t o  rank 
t h i r d  and f o u r t h  p l ace  r e s p e c t i v e l y  with r s d u c t i o n s  of 9900 
and 13,400 f ee t  r e s p e c t i v e l y .  

The l a r g e s t  s i n g l e  a l t i t u d e  u n c e r t a i n t y  conponent i s  
c l e a r l y  a s s o c i a t e d  w i t h  the atmosphere u n c e r t a l n t y .  The 
next  largest component depends on t h e  systein.  For t h e  Ac- 
c e l e r a t i o n  Subsystein, t h e  Base Pressure  Subsystem and the 
Acce lemt ion  Function Subsystem, i t  is t h e  cornponent as- 
s o c i a t e d  w i t h  environrcentzl effect.s. For t he  B s e  Pressure  
t o  Acce lera t ion  R a t i o  Subsystem, it i s  , t h e  component a s s o c i -  
a ted with t h e  e n t r y  f l i g h t  pa th  angle .  In  a l l  cases ,  
t h e  u n c e r t a i n t y  components a s s o c i a t e d  wi th  t h e  e n t r y  angle 
of a t t a c k  and t h e  en t ry  azimuth angle are r e l a t i v e l y  small. 

4.5 PEIPE SENSOR TRADE STUDIES 

Trade s t u d i e s  were conducted t o  e s t a b l i s h  t h e  a v a i l a -  
b i l i t y  and s u i t a b i l i t y  of pressure  t r ansduce r s  and acce le ro -  
meters  f o r  a p p l i c a t i o n  i n  t h e  Candidate Systems. The r e s u l t s  
of  t hese  trade s t u d i e s  are presented i n  t h i s  subsec t ion .  

. . -  
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The perforrmnce sco re  foi. Candidate System No. 2 i s  I 

s;enificanj--y L l l l &  i r.-kr,v2 1b1 t-h.2 U l * U l I  I? f3r t h z  z thcr  txc s y e t z r s .  This 
is a r e f l e c t i o n  of the  f a c t  t ha t  t h i s  systeiii does inhe ren t ly  

-measure Kach riumber rather than  an  i n d i r e c t  r e l a t i o n  t o  I4ach 
number. An oppos i te  e f f e c t  i s  shovrn by the r e l i a b i l i t y  score .  
l n  the Degree of Redundancy subitem, t h e  1 o ~  grade for Candidate 
System No. 2 r e s u l t s  f r o m  a cons ide ra t ion  t h a t ,  if a cond i t ion  
could e x i s t  t h a t  would c r e a t e  a f a i l u r e  i n  one of the pressure  
t r ansduce r s ,  a f a i l u r e  i n  the  o t h e r  p re s su re  t r ansduce r  might 
a l s o  be induced. I n  addi t ion ,  the s t a t e - o f - t h e - a r t  of components 
for long space s t o r a g e  and subsequent opera t ion  is considered 
less  advanced f o r  p re s su re  t ransdhcer  systems than  f o r  acce ie ro -  
meter s y s t e m .  T h i s  is r e f l e c t e d  i n  the s c o r e s  f o r  the f a i l u r e  
ra te  and a v a i l a b i l i t y  subitenis. 

?&sed p r i r m r i l y  on t h e  above cons idera t ions ,  Candidate 
System Eo. 2 was s e l e c t e d ,  and approved by JPL, f o r  fur ther .  
a n a l y s i s  i n  Phase 3 of the study. I n  a d d i t i o n  t o  the above 
cons ide ra t ions ,  i t  coa ld  be pointed o g t  t h a t  t h i s  s-,rstem has 

candida te  systems. Thus, nuch of the d e t a i l e d  i n f  o r m t i o n  
genera ted  i n  the final study phase would be a p p l i c a b l e  i f  a 
change were made t o  one of the o t h e r  two candida te  sys tem a t  
some f u t u r e  t i m e .  

almost  2x1  Chn uilG nfi-c b ~ ~ ~ ~ p ~ ~ L L  n m o p f  that are v-sec! ir, the o the r  t xo  

. .  
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The P r h e r y  and Seconc'ary Subsystms 
_____I___---L_---_---- 

The s teps  taken i n  conputing the perr'oriwnce o l  
each subsystern include those described i n  Sec t ion  4.0 wi th  
c e r t a i n  edG3.tions and modif ica t ions .  These are itern-ized 
as I"ollor.ls: 

I )  The 1017 a l t i t u - d e - u n c e r t ~ i n t y  components assocfated . 

with the  rnax:inium x i n d  pi:ol"j.le 2 ~ ~ 0 1  d.i7ag coefZicient 
ef fec ts  are coinputed wi th  t h e  equat ions shoxn i n  
T a b l e  18. 

2 )  The high altitude-uncertainty corr,ponents a s s o c l e t e d  
with  the e n t r y  angle  of' attack, t he  e n t r y  r o l l i n g  
v e l o c i t y ,  e n t r y  ayimukk! anzle ,  the base pi-essvre 
coef Ticient t h e  operational envfronili-,nial t?I"r"ects 
the  wind and the  drag coe fP ic i cn t  a r c  computed. 
The equat ions u s e d  i n  t h i s  compL%tation aye shown 
in Table 19. 

useti  t o  make t h i s  computation itre 
3) The nudl a l t i t u d e  i s  computed. The r e l e t i o n s  
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6. o C O I ~ C L ~ J S I O ~ . ~ ~  

The f o l l o v i n g  conclusions a r e  presented, based on the 
r e s u l t s  of t h i s  s tudy.  

This s tudy,  encompassiri a n  a n a l y s i s  of 
sensor systems s u i t a b l e  f o r  i n i t i a t i n g  para- 
chute  deployment on a r4ars e n t r y  veh ic l e ,  
shoirs conclusively t h a t  t oday ' s  technology 
and ha-rdware can provide ,a sensor system 
w i t h  s u f f i c i e n t  f l ex ib i l i t y  t o  a s s u r e  a.c- 
c u r a t e  sensing over t h e  wide range of pos- - 

s ib le  Iffirtian atmospheres, e n t r y  condi t ions ,  
and environmental cond i t ions  c u r r e n t l y  postu- 
l a ted  f o r  t h e  mission, 

2 )  A var ie ty  of sensor  systems are f e a s i b l e .  O f  
t he  m n y  sensor  concepts analyzed i n  Phase 1 
of the  s t u d y ,  s i x t e e n  are s u r i t ~ t b l e  i n  various 
degrees. I n  genera l ,  sensor  systems employing 
a n  accelerometer  seem to have t h e  most sa t is-  
f m t o r y  p e r f o r r i n c e  over the ranges of deploy- 
ment cond i t ions  and e n t r y  modes s tudied .  

3) A l l  of the f o u r  f e a s i b l e  sensor  systems s e l e c t e d  
f o r  more d e t a i l e d  a n a l y s l s  i n  Phase 2 G f  t he  
study would be sui table  f o r  dcvelopnent w l t h i n  
the  s p e c i f i e d  guide l i n e s .  !l%o of t h z s e  systems 
employ a n  accelerometer,  one ezp loys  a base pres- 
s u r e  t ransducer ,  and one , e r q l o y s  bo th  a n  ac'celero- 
meter and a base pressure  t m h s d s c e r .  A trad.e 
study of these two types  of prime senso r s  i n d i c a t e s  
t ha t  a s t r a i n  gauge accelerometer  and a c a p a c i t i v e  
p re s su re  t ransducer  a r e  the most s a t i s f a c t o r y  i n  
t h i s  a p p l i c a t i o n .  

4)  The F i n a l  System, s e l e c t e d  f o r  d e t a i l e d  a n a l y s i s  
and des ign  i n  Phase 3 of the study, f e a t u r e s  two 
senso r  subsystems opera t ing  i n  p a m l l e l  : a senso r  
subsystem u t i l i z i n g  t h e  r a t i o  of base p re s su re  to 
sensed zcce le ra t ion ,  and a sensor subsystem u t i l i z i n z  
base p r e s s w e  by i t s e l f .  This system r e p r e s e n t s  the 
most pronilsing deployncnt p r e d i c t i o n  c a p a b i l i t y .  
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